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Abstract 
 
The transition from the Greenhouse Eocene climate (55 – 34Ma) to the Icehouse 
regime of the Oligocene (34 – 23Ma) was marked by a widespread cooling at the 
Eocene-Oligocene Transition (EOT) (~34Ma), followed by major Antarctic glaciation. 
The relative contribution of changes in ocean circulation and continental weathering 
is however not well understood. This thesis takes advantage of new core material 
recovered during IODP Expedition 318 to Wilkes Land, Antarctica, to study ocean-
continent interaction during this critical time interval.  
 
To this end, I have used neodymium (Nd) isotopes in fossil fish teeth to reconstruct 
water mass composition and ocean circulation. Secondly, I have used Nd isotopes in 
bulk sediments as a provenance tool to reconstruct erosional patterns on the 
continent. Additionally, I have used a combination of major and trace element data to 
evaluated the robustness of Nd isotopes in fossil fish teeth as a water mass tracer in 
a marine shelf environment, and under changing redox conditions at the seafloor. 
 
My findings are presented in four distinct chapters and yield the following 
conclusions: i) fossil fish teeth appear to be robust recorders of authigenic Nd in a 
shelf setting and remain robust under changing redox conditions within the 
sediments; ii) a multi-site authigenic Nd isotope study in the Tasman region of the 
Southern Ocean indicates active deep water formation in the Southern Ocean, and 
excursions recorded are the result of a previously unreported widespread 
perturbation to the hydrological cycle on Antarctica; iii) the first authigenic Nd record 
from the North Atlantic EOT is consistent with a change in deep water masses 
coinciding with the transition to a cooler climate, and  iv) changing sediment 
provenance indicates a dynamic Antarctic ice sheet throughout the Oligocene. 
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Chapter 1 
 
Introduction 
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1.1 Background 
 
The Cenozoic era has seen some of the most fundamental changes in climate, in 
Earth’s history. The longstanding overview of the transition from the Greenhouse 
Eocene climate (55 – 34Ma) to the Icehouse regime of the Oligocene (34 – 23Ma) 
has been a decline in global temperatures, to a rapid cooling at the Eocene-
Oligocene Transition (EOT) (~34Ma), followed by permanent Antarctic glaciation. 
However, as analytical techniques improve and gaps are filled in marine coring 
databases, the closer we look, the further we begin to move away from this 
traditional theory. 
 
The peak warmth of the Eocene climate occurred during the Early Eocene Climatic 
Optimum (EECO) (52 – 49Ma), which was characterized by deep ocean 
temperatures up to 12°C warmer than today (Zachos et al., 2001) and atmospheric 
CO2 levels in excess of 1500ppm (e.g., Pagani et al., 2005) (Figure 1.1). During this 
time, the Antarctic continent experienced terrestrial temperatures of ~25°C, which 
supported diverse flora including tropical and temperate species (Pross et al., 2012), 
with surrounding summer sea surface temperatures potentially exceeding 30°C (Bijl 
et al., 2009) creating a very low pole to equator temperature gradient. Following the 
termination of the EECO, marine temperatures and atmospheric CO2 levels both 
declined to ~6°C (Zachos et al., 2001) and below 1000ppm respectively (Pagani et 
al., 2005; 2011) towards the EOT. This was interrupted briefly by the Middle Eocene 
Climatic Optimum (MECO; Bohaty and Zachos, 2003), which saw a transient 
increase in deep sea temperatures of ~4°C, and atmospheric CO2 levels potentially 
in excess of 2000ppm (Bijl et al., 2010). Events such as the MECO illustrate how 
much variability may have existed within an interval traditionally assumed to be 
undergoing a gradual cooling trend. In fact, a growing body of geochemical, and 
sedimentological evidence now argues for transient glaciations and large scale 
fluctuations of the carbonate compensation depth (CCD) during the Eocene, 
potentially in both hemispheres (e.g., Miller et al., 2005; Eldrett et al., 2007; Tripati et 
al., 2008; Pälike et al., 2012; Scher et al., 2014) beginning to strongly question the 
ice-free and warm paradigm. 
 
Whether the termination of the Eocene Greenhouse at the EOT was abrupt or the 
result of multiple short term cold events, widespread evidence indicates the onset of 
large scale glaciation on the Antarctic continent by 33.6Ma. A synchronous decline in 
Claire Eva Huck, Ph.D Thesis, 2014 	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global deep ocean and surface temperatures, CCD and atmospheric CO2 levels 
(Zachos et al., 2001; DeConto and Pollard, 2003; Coxall et al., 2005; DeConto et al., 
2008; Katz et al., 2008; Lear et al., 2008; Liu et al., 2009; Pearson et al., 2009), 
(Figure 1.1) coincided with the deep opening of critical Southern Ocean gateways 
(Stickley et al., 2004), global sea level fall (Miller et al., 2008), and the appearance of 
glacially weathered clays and ice rafted debris (IRD) in Southern Ocean sediments 
(Mackensen and Ehrmann, 1992; Barker et al., 2007) at this time. This coincidence 
has led to a longstanding debate over the relevant contributions and thresholds of 
declining atmospheric CO2 and the potential thermal isolation of Antarctica by 
reorganization of ocean circulation patterns resulting from the opening of the Drake 
Passage and the Tasman Gateway (e.g., Kennett, 1977; Sijp et al., 2009; Sijp et al., 
2011) to the climatic events of the EOT. 
 
 
 
Figure 1.1: Cenozoic atmospheric CO2 (a) and deep ocean temperatures (b) from Zachos et 
al. (2008). ETM1 and ETM2 = Eocene Thermal Maximum events. 
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The Oligocene climate represents the beginning of the Icehouse conditions that have 
prevailed up until modern times. Although it experienced a fairly large range of 
atmospheric CO2 levels (400 - 1000ppm; Pagani et al., 2005; 2011), modeling 
studies suggest it was a period of relative stability in terms of the ice sheet on 
Antarctica (DeConto and Pollard, 2003; DeConto et al., 2008). Despite this, variability 
in deep-sea oxygen isotope records is interpreted to represent large changes in ice 
volume from a uni-polar oscillating ice sheet, which could account for as much as 25 
– 70m of sea level change (Kominz and Pekar, 2001; Miller et al., 1998; Pekar et al., 
2002). Much the same as reinterpreting the Eocene, studies are now suggesting that 
where we have previously considered the Oligocene a cold period dominated by 
large ice sheets, there may have been both major collapse and advance of the 
Antarctic glacial systems in a far more dynamic way (e.g., Wade and Pälike, 2004; 
Pekar et al., 2006). 
 
It is becoming clearer that where we have been focusing research on the links 
between the EOT and global driving factors, what we need to do is understand the 
level of variability that existed within both the warm Greenhouse and cold Icehouse 
scenarios outlined above and the roles that forcing factors such as changes in 
atmospheric CO2, ocean circulation and weathering played. The initial categorization 
of these regimes was based largely on distal deep ocean records which now require 
a link to the terrestrial records to assess the role of the climate system on Antarctica 
in the fluctuations observed in the long term Eocene and Oligocene records. 
However, a lack of well recovered and dated proximal marine sediment cores is one 
of the key restrictions facing the scientific community trying to answer questions such 
as the relationship between cooling on the Antarctic and the onset of the ACC, and 
the location, speed and extent of ice sheet instability in long term records. 
 
In January 2010, IODP Expedition 318 sailed to Wilkes Land, East Antarctica, to drill 
the first set of proximal East Antarctic marine sediments. Two main objectives of the 
cruise, amongst others, were to establish the timing and nature of the first arrival of 
ice to the Wilkes Land margin and to better constrain the long term behavior of the 
ice sheet through its advance and retreat over the shelf area. By drilling several sites 
between the continental rise to the shelf between 400 – 4000m water depth (Figure 
1.2), Expedition 318 recovered ~2000m of high quality Eocene to Holocene 
sediments representing ~54Myr of climatic history recorded from a unique 
perspective of the Antarctic continental margin. Of these sediments, Site U1356 
yielded a well dated Eocene (~54 – 46Ma) to almost complete Oligocene (33.6 – 
Claire Eva Huck, Ph.D Thesis, 2014 	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23Ma) section (Tauxe et al., 2012), representing a shallow marine to shelf transect 
(~300m water depth in the Eocene to ~1000m during the Oligocene) (Escutia, 2011), 
which forms the focus study site for this thesis.  
 
 
 
To address the objectives outlined above, I utilized neodymium (Nd) isotopes as both 
a water mass tracer and as a provenance tool to reconstruct weathering and ocean 
circulation patterns during the Eocene and Oligocene. Neodymium isotopes are now 
a well-established tool in the fields of palaeoceanography and palaeoclimatology 
(e.g., Frank, 2002; Goldstein and Hemming, 2003). Traditionally Nd isotopes were 
applied to high temperature geochemical studies investigating the fractionation of the 
parent (147Sm) and daughter (143Nd) isotopes during mantle melting leading to 
isotopic variations of the 143Nd/144Nd ratio in rocks of different ages. This isotopic 
 
 
Figure 1.2: Locations of drill sites cored during IODP Expedition 318 to the Wilkes Land 
margin, east Antarctica (Escutia, 2011). 
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heterogeneity is preserved in the bedrock material as it is weathered and delivered to 
oceans via riverine and aeolian transport. This means that the Nd isotopic 
composition of eroded sediments (i.e. detrital signature) provides a ‘fingerprint’ of its 
onland source region, allowing the pathways between erosion and deposition to be 
traced and therefore the provenance of the material to be identified. This allows us to 
infer changes in the source regions being eroded onland and to investigate the 
history of change in the presence and/or extent of ice sheets (e.g., Fagel et al., 2004; 
Colville et al., 2011; Pierce et al., 2011; Cook et al., 2013). It is worth noting here that 
for the purpose of this thesis, the detrital signature of sediment refers to the Nd 
isotopic composition of the entire bulk sediment sample with no initial decarbonating 
step due to the highly terrigenous nature of samples processed (>97%, Escutia; 
2011). 
 
The Nd isotopic composition of seawater (i.e. authigenic signal) on the other hand is 
set in areas of deep water formation by the surrounding contributing geology. Its 
average residence time in the oceans (~400 - 1000yrs; Tachikawa et al., 2003) 
means that it acts as a quasi-conservative property away from the continental 
margins and can identify the paths and presence of different deep water masses 
both spatially and through time. A number of archives exist for reconstructing past 
seawater Nd isotopic composition such as ferromanganese crusts, ferromanganese 
coatings on sediments and foraminifera, deep sea corals (e.g., Palmer and 
Elderfield, 1985; Palmer and Elderfield, 1986; Frank, 2002; van de Flierdt et al., 
2006; 2010) and fossil fish teeth and bone debris (e.g., Grandjean et al., 1987; Martin 
and Haley, 2000). It is the latter that is mostly used for studies to reconstruct 
changing water masses and circulation patterns on million year time scales (i.e. deep 
time palaeoceanography), as they occur in every type of marine setting, preserve the 
Nd isotopic composition of the ambient overlying bottom waters during the 
geologically rapid fossilization process, and remain unaltered over long periods of 
time (Bernat, 1975; Staudigel et al., 1985; Elderfield and Pagett, 1986; Reynard et 
al., 1999; Martin and Haley, 2000). While the traditional application of the fossil fish 
tooth Nd isotope proxy has been in deep ocean settings, I also investigate the 
robustness of this archive in shelf settings and under changing redox conditions 
within this thesis. 
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1.2 Aims and outline 
 
The overall aim of this thesis is to investigate the evolution of weathering, erosion, 
and ocean circulation patterns during the Eocene and Oligocene in a proximal, high 
latitude setting and to assess them in the context of global climate change. This is 
approached over both long (million year) and short (sub-orbital) timescales using Nd 
isotopes in marine sediments and fossil fish teeth as a water mass tracer and a 
provenance tool to question both the causal links between observed changes as well 
as to ascertain the level of local stability in previously documented global 
Greenhouse and Icehouse regimes. Additionally an examination of the response in 
the high North Atlantic to the glaciation of the Antarctic continent at the EOT provides 
a glimpse of the global perspective of fundamental climate change. The key findings 
of this thesis are summarized in four main chapters as follows: 
 
1) The use of fossil fish tooth and bone debris as a proxy for preserving 
authigenic Nd in both a shallow shelf setting and under changing redox 
conditions is examined using major, trace and rare earth element data in both 
the bone and tooth material as well as the sediments in the same samples. 
The Nd isotopic composition appears to remain unaltered during changing 
redox conditions, and reflects the composition of the surrounding seawater. 
The Nd isotopic composition of the fossil teeth and bone debris remains 
distinct from the sediments, suggesting that it is a robust archive to use for 
reconstructing authigenic Nd in these settings. 
 
2) The long term Eocene to Oligocene record of seawater Nd isotopic 
composition at Site U1356 does not change, suggesting active deep water 
formation was occurring during the Eocene Greenhouse climate at this 
location in the Southern Ocean and has persisted since. A substantial 
transient excursion in seawater chemistry during the early Eocene at Site 
U1356 was also found in additional Southern Ocean sites in the Tasman 
region suggesting a previously unrecorded large perturbation to the 
hydrological cycle on the Antarctic continent at the termination of the EECO. 
In contrast to previous work, we do not find supporting evidence for a shallow 
opening of the Tasman Gateway between 50 and 48Ma. 
 
3) The first study of the authigenic Nd isotopic composition, derived from fish 
teeth and bone debris, of water masses in the high North Atlantic at ODP Site 
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647 in the Labrador Sea during the EOT reveals valuable insights into 
prevailing conditions during this time. Neodymium isotopes show no 
resolvable change over the EOT, but combined with sedimentological and 
geochemical data, may suggest a switch from warm deep water, potentially 
sourced from the Tethys, to the ventilation of the North Atlantic basin by 
cooler water likely sourced from the Greenland-Iceland-Norwegian Seas, in 
response to the deepening of the Greenland-Scotland Ridge and global 
cooling.  
 
4) The provenance of detrital material delivered to Site U1356 between the 
Eocene and Oligocene shows an abrupt change coincident with the 
appearance of ice sheets at the Wilkes Land margin. Rapid fluctuations 
between these two provenance signatures during the Oligocene suggests an 
intrinsic link between the advance and retreat of the ice sheet in the Wilkes 
Subglacial Basin and the Nd isotopic signature of the sediments being 
eroded. The first ever high-resolution detrital Nd record for the Oligocene 
shows a strong response to 100 and 405kyr cycles, with smaller scale 
consistent fluctuations on 20kyr timescales. This suggests that the isotopic 
composition of Nd in marine sediments at Site U1356 may provide a way to 
evaluate the contribution of a dynamic ice sheet on Antarctica to the 
oscillations in the global benthic stable oxygen isotope record. 
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Chapter 2 
 
New challenges for the ‘Old Reliable’: 
Seawater neodymium isotopes in fish 
teeth under changing redox conditions 
in a shallow ancient shelf setting 
 
 
 
The data in this chapter has been produced and interpreted in collaboration with T. 
van de Flierdt (Imperial College London, UK), F. Jiménez Espejo. (JAMSTEC, 
Japan), S. Hammond (Open University, UK), S. Bohaty (University of Southampton, 
UK), U. Röhl (MARUM, Germany) and the Expedition 318 Scientists. 
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2.1 Introduction 
 
Neodymium (Nd) isotopes in seawater are often used in paleoceanography as a 
quasi-conservative tracer of water masses (e.g., Frank, 2002; Goldstein and 
Hemming, 2003). Geological heterogeneity on the continents and their subsequent 
erosion and delivery to the ocean, as well as exchange of seawater with the ocean 
margins, leaves distinct Nd imprints on water masses, which can be traced spatially 
due to the short residence time of Nd in the seawater (~1000 years; Tachikawa et al., 
2003). 
Past seawater compositions are recorded by a number of archives (i.e., 
ferromanganese crusts and coatings, foraminifera, deep-sea corals, fish teeth and 
debris; see van de Flierdt and Frank, 2010), the most robust of which is widely 
considered to be fossil fish teeth. Neodymium is incorporated into the teeth post 
mortem during the fossilization process (Shaw and Wasserburg, 1985; Staudigel et 
al., 1985; Martin et al., 1995), which is assumed to occur rapidly while the tooth is at 
the seawater-sediment interface. This means that the fish teeth record the Nd 
isotopic composition of the ambient bottom water mass (e.g., Martin and Haley, 
2000; Martin and Scher, 2004).  
It is generally agreed that rare earth elements (REEs) are incorporated into fossil fish 
teeth and debris during early diagenesis on the surface and in the upper few cm of 
the sediment (Bernat, 1975; Staudigel et al., 1985; Elderfield and Pagett, 1986; 
Sholkovitz et al., 1989; Reynard et al., 1999; Martin and Haley, 2000), and that the 
concentration of REEs in fossil fish teeth does not change with depth in the sediment 
column suggesting preservation of an primary seafloor signal. A detailed examination 
of preservation of fish tooth Nd under changing redox conditions or secondary 
diagenesis has however not been carried out to date. This seems pertinent, as Nd, 
along with the other REEs in seawater, is associated with iron-manganese (Fe-Mn) 
oxyhydroxides (Bau et al., 1996; Haley et al., 2004), which do not only form an 
archive for seawater Nd isotopes themselves (e.g., Rutberg et al., 2000; Bayon et al., 
2002; Gutjahr et al., 2007), but also form coatings around fossil teeth, which are not 
always removed prior to analysis (Martin et al., 2010). Neodymium isotopes in fish 
teeth have also been used as a water mass tracer for assessing the control of 
circulation changes on extreme environments such as OAE’s during the Cretaceous 
(MacLeod et al., 2008; Robinson et al., 2010; MacLeod et al., 2011; Martin et al., 
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2012; Robinson and Vance, 2012). So far these studies have not explored the 
potential effects of the associated redox conditions in the sea floor sediments on the 
incorporation of Nd to the teeth. Furthermore, the reliability of fish tooth Nd isotopes 
in shallow shelf environments as an archive for seawater Nd isotopes (e.g., 
Grandjean et al., 1987; Charbonnier et al., 2012; Moiroud et al., 2013), is still 
questionable. The signal recorded is likely to be less homogenous than in a deep 
marine setting, as the proximity to potential source areas could lead to short term 
fluctuations in the Nd supply governed by controls other than circulation. 
 
Here we are testing the usefulness of fossil fish teeth Nd isotopes as a water mass 
proxy in an Eocene-aged shallow marine shelf section within the Australo-Antarctic 
Gulf, which underwent cyclic changes in redox conditions during the Eocene. In order 
to characterize geochemical cycling within the section, we analysed the Nd isotopic 
composition of the fish teeth and the host sediment, as well as rare earth element 
patterns (REEs) and major and trace element geochemistry of both phases. Our 
results reveal that fish teeth Nd isotopes yield reliable results, even under the above 
described conditions, with important implications for other deep time 
paleoceanography studies. 
 
2.2 Samples and Setting 
 
The study site, Site U1356A, is currently located in ~4000m water depth at 63°18′S 
and 135°59′E, and was drilled during Intergrated Ocean Drilling Program (IODP) 
Expedition 318 to the Wilkes Land margin in Antarctica (Escutia, 2011) (Fig. 2.1). 
Over 1000m of sediments were recovered at this site, and the lowermost 110m 
consist of a well dated early to middle Eocene section (Tauxe et al. (2012) and 
Figure 2.1). Early Eocene sediments (949 - 1000 mbsf) consist mainly of heavily 
bioturbated silty claystones and claystones. A hiatus separates the early and mid-
Eocene sections. Mid-Eocene (890 – 945 mbsf) sediments consist of interbedded 
sandstones, conglomerates, silty claystones and siltstones. The appearance of 
coarser grained material has been linked to increased tectonic activity and slope 
instability delivering sediment gravity flows to the site (Bijl et al., 2013). The section 
of interest is core 98R (920 – 926mbsf) within the middle Eocene sediments. It 
stands out from the rest of the section as it contains reddish-brown silty claystones 
interbedded with greenish gray and brown sandy mudstones at the decimeter to 
meter scale (Fig. 2.1). For our study we took 18 samples from core 98 for fossil fish 
tooth samples and 56 samples for sediment analysis (Tables 2.1-2.4). 
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2.3 Methodology 
 
2.3.1 Authigenic Nd isotopes 
 
10 to 30 cm3 of sediment was oven dried at 60°C, soaked in deionised water to 
disaggregate, and sieved through a 63µm mesh. Fish teeth and bone debris were 
 
 
Figure 2.1: A - Core photo, iron content of bulk sediment (wt.%), and sedimentary log 
(adapted from Escutia, 2011). Red and grey bands within the Fe column highlight areas of 
higher iron content corresponding predominantly to red sediments (and one carbonate 
layer). Green layers are unshaded. B - Study site in Antarctica using Eocene topographical 
reconstruction from Wilson et al. (2012). C - Paleo-location of study site U1356 on the 
Wilkes Land margin (adapted from Bijl et al., 2013). AAG = Australo-Antarctic Gulf, NZ = 
New Zealand. White areas of deeper seawater in the Pacific and the Australo-Antarctic Gulf 
are separated by the Tasmanian Gateway, connecting the landmasses of Australia and 
Antarctica in the early Eocene. 
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hand picked from the >63µm fraction under a microscope with a minimum target 
weight of 150µg in order to obtain enough Nd for analysis. The teeth and debris were 
then cleaned with ultrapure Milli-Q water (18.2 MΩ water) and methanol following the 
suggested simple cleaning method in Martin and Haley (2000). In addition, four 
samples were split before cleaning, with one aliquot cleaned in ultraclean water and 
methanol as described above, and the other aliquot being subjected to a full 
oxidative-reductive cleaning protocol to remove Fe-Mn oxyhydroxide coatings 
(method adapted from Boyle and Keigwin (1987)). These sample splits are referred 
to as ‘uncleaned’ and ‘cleaned’ respectively hereafter. All samples were dissolved in 
2M HCl, dried down and converted to nitrate form prior to column chemistry. A 10% 
aliquot of the digested sample solution was weighed and dried down for major and 
trace element analysis as well as REE patterns. A standard two-stage ion 
chromatography procedure was used, which first isolated the REEs from the sample 
matrix using Eichrom TRU Spec resin (100-120µm bead size) and then separated Nd 
from the other REE’s with Eichrom Ln-Spec resin (50-100µm bead size) (after Pin 
and Zalduegui, 1997). Neodymium isotope ratios were measured on a Nu Plasma 
MC-ICP-MS at Imperial College London in static mode. Instrumental mass bias was 
corrected for using a 146Nd/144Nd ratio of 0.7219. Samarium interference can be 
adequately corrected if the 144Sm signal contributes less than 0.1% of the 144Nd 
signal. The Sm contribution in all our samples (fish teeth and sediments) was well 
below this level. Chemistry blanks were consistently below 10pg Nd. Replicate 
analyses of the Nd standard JNdi yielded 143Nd/144Nd ratios from 0.512005 
(±0.000012 (2σ)) to 0.512147 (±0.000010 (2σ)) (n=102), dependent on daily running 
conditions over 21 months and all samples within a measurement session were 
corrected for the offset between the recorded and documented value for JNdi 
(0.512115, Tanaka et al., 2000, see Table 2.1b). The external reproducibility was 
monitored using a fossil bone composite standard, yielding 0.512377 ± 0.000014 
(n=8; over 18 months), which is within uncertainty the same as results published by 
Chavagnac et al. (2007) and Scher and Delaney (2010). It is worth noting that for 
consistency with existing literature the fossil bone standard was processed in a 
slightly different way to our fish teeth samples, following the method described in 
Chavagnac et al. (2007). 50µg of material was digested in 3M HNO3 at 130°C for 24 
hours, and all supernatant removed, dried down and converted to chloride form. Any 
residue was then treated using a 3:1 mixture of 27M HF and 15M HNO3 on the 
hotplate at 130°C for up to a further 48 hours. This was then dried down, converted 
to chloride form and recombined with the supernatant cut before the same chemistry 
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procedure described above was followed. Full chemical replicates and duplicate 
analyses of samples yielded results within error and are reported in Table 2.1. 
 
2.3.2 Detrital Nd isotopes 
 
Between 0.5g and 1.0g of sediment was completely homogenized using a pestle and 
mortar before ~100mg of sample was weighed into an acid cleaned beaker. 
Authigenic phases such as carbonate and opal were not removed before digestion 
as samples were dominantly terrigenous in composition at this site (<97%; Escutia, 
2011). Samples were digested using a mixture of 0.5ml 20M HClO4, 1ml 15M HNO3 
and 3ml 27M HF, converted to nitrate form, and processed using the same column 
chemistry and mass spectrometry as outlined above. Replicate analyses of the Nd 
standard JNdi yielded 143Nd/144Nd ratios of 0.511937 (±0.000015, n=16) and 
0.512147 (±0.000010, n=16) over two measurement sessions. External 
reproducibility of the method was monitored using USGS rock standard BCR-1, 
which yielded 0.512651 ± 0.000014, which is identical within error to the value of 
0.512629 published in Weis et al. (2006). 
 
2.3.3 Age correction for εNd values 
 
To correct for the decay of 147Sm to 144Nd within the fish teeth over time we used the 
REE concentrations obtained for 20 individual fish teeth samples and 56 bulk 
sediment samples (see section below) to calculate 147Sm/144Nd ratios. CHUR values 
for the present day were taken from Jacobsen and Wasserburg (1980) (143Nd/144Nd = 
0.512638; 147Sm/144Nd = 0.1966). Fish tooth values ranged from 0.141 to 0.162, 
which is comparable to values reported in other studies (Thomas et al., 2003; Martin 
and Scher, 2006; Moiroud et al., 2013). For fish tooth samples which did not have 
REE concentrations measured, an average value of 0.153 was taken and applied. 
 
2.3.4 Major and trace elements and REE patterns in fish teeth 
 
A 10% sample aliquot was diluted to 1 ml in 2% HNO3. Trace element concentrations 
were determined by ICP-MS (Agilent 7500s) at the Open University. The instrument 
is fitted with a standard quartz spray chamber and a PFA nebuliser. Samples were 
aspirated at approximately 250µl/min with count rates of the order of 5 - 8 x 107 
cps/ppm. Oxide interferences were kept low at 0.3% CeO+/Ce+ and doubly charged 
species at 0.8% (Ce++/Ce+). Analyses were standardised against seven synthetic 
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reference materials that were measured at the beginning and end of each analytical 
run. Reference materials were made from Plasma Grade standards (Alfa Aesar and 
Agilent technologies), and values were selected on the basis of their similarity to the 
samples to be analysed. In addition one synthetic reference material (5 ppb 
standard) was analysed as an 'unknown' sample every 5 or 6 samples, together with 
one reagent blank (2% HNO3), in order to monitor instrumental drift and to assess the 
external reproducibility of the data. Detection limits for elements with atomic masses 
greater than 85 are usually <10ppt in solution but they are somewhat higher for 
lighter elements (10-100ppt in solution). Precision is routinely better than ± 2% for 
elements heavier than Rb (where concentrations exceed 0.5 ppm) and 2-4% for 
elements lighter than Rb. All results are reported in Table 2.2 and 2.3. 
 
2.3.5 Major and trace element and REE patterns in sediment 
 
Major element measurements (Mg, Al, Ca, Mn and Fe) were obtained by atomic 
absorption spectrometry (AAS) using a Perkin-Elmer 5100 spectrometer with an 
analytic error of 2%. Trace element analyses (Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Y, Nb, 
Ta, Zr, Hf, Mo, Sn, Tl, Pb, U, Th, La and Lu) were performed using Inductively 
Coupled Plasma–Mass Spectrometry (ICP–MS) after HNO3 (65% Panreac PA-
AR)+HF (40% Suprapur) digestion of 0.1004 to 0.1008g of sample powder in a 
Teflon-lined vessel for 150 min at high temperature and pressure, evaporation to 
dryness, and subsequent dissolution in 100ml of 4 vol.% HNO3. Measurements were 
taken in triplicate through spectrometry (Perkin Elmer Sciex Elan 5000) using Re and 
Rh (25 ppb) as internal standards. Data were contrasted with the following reference 
geostandards: UBN, PMS, WSE, BEN, BR, AGV, DRN, GSN GA and GH 
(Govindaraju, 1994). The instrumental error is ±2% (1s.d) for elemental 
concentrations above 50 ppm and ±5% (1s.d) for concentrations between 50 to 5 
ppm respectively (Bea, 1996). All analyses were performed at the University of 
Granada by collaborator, Francis F. Jiménez Espejo and data are reported in Table 
2.2 and 2.4. 
 
2.4 Results 
 
2.4.1 Major and trace element concentrations in sediments 
 
Selected major and trace element data obtained for 50 samples from core 98 at 
IODP Site U1356 are reported in Table 2.4 and illustrated in Figure 2.2. Iron (Fe) is a 
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highly sensitive paleo-redox indicator, and Fe concentrations within the sediments 
vary between 3.6 and 9.7 wt. %. Higher levels of Fe are recorded within the red 
sediments (7 to 9%) and lower levels within the green sediments (5% or less). We 
will use this relationship henceforth to define layers within the core (see also Figure 
2.1). Another redox sensitive major element, manganese (Mn), shows low 
concentrations throughout core 98 with a single, small peak at 921.33 mbsf (0.3 
wt%). This peak coincides with increased calcium (8.1 wt.%) and Fe (8.2 wt. %) 
contents. The redox-sensitive trace elements Uranium (U) and molybdenum (Mo) are 
illustrated in Figure 2.3 normalized to aluminium (Al). Variations in U/Al are 
anticorrelated with Fe concentrations, and Fe-poor layers are characterized by U/Al 
ratios exceeding the crustal ratio of 0.2 (Taylor and McLennan, 1985). Mo/Al ratios in 
contrast are depleted in bulk sediments relative to the upper continental crust, except 
for one layer at 921.33 mbsf, which coincides with the above described abundance 
peaks in Mn and Ca. 
 
 
Figure 2.2: Selected major and trace elements analysed from bulk sediment samples within core 
98. Red and grey horizontal shading represents red layers as identified by their Fe content. Green 
layers are unshaded. Sediment log as Figure 2.1. Vertical gray bars represent an upper limit of the 
average upper continental crust value (Taylor and McLennan, 1985). 
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2.4.2 Major and trace element concentrations in fish teeth 
 
Major and trace element data extracted from fossil fish teeth from IODP Site U1356, 
core 98 are reported in Table 2.3 and compared to sediment data in Figure 2.3. 
Calcium constitutes the most abundant element in the fish teeth (40 – 50%), and Fe 
and Mn are present at very low levels (< 1% and <0.05% respectively). Aluminum 
levels are consistently below 0.4% (Fig. 2.3), with the exception of sample U1356-
98R-5-0003, where it reaches almost 9%. As high amounts of Al point to terrigenous 
contamination, this sample is excluded from further discussion. Average 
concentrations of most main and trace elements in fish teeth (e.g. K, Mg, Fe, Mn, Li, 
Cr, Co, Ni) are significantly lower than those in the sediments (e.g. [Fe]sediment = 7% 
vs [Fe]fish teeth = 0.8%). However elements such as strontium (Sr), barium (Ba), gallium 
(Ga), and zinc (Zn) are significantly enriched in fish teeth relative to bulk sediments, 
and typically occur in their highest abundances within the green sediment layers. In 
terms of the redox sensitive trace metals described above, Mo is present in similar 
concentrations in fish teeth and sediments, whereas U is more abundant in the fish 
teeth (5 - 40ppm) (Fig. 2.3 and 2.4). 
 
 
 
Figure 2.3: Trace metals concentrations (U, Mo) vs. aluminum concentrations in sediments 
(top panel) and fossil fish teeth (bottom panel) showing varying degrees of enrichment in the 
green (reduced) and red (oxidized) lithologies. 
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2.4.3 Authigenic and detrital Nd isotope records 
 
Authigenic Nd isotopes on 21 samples span a range of 2 epsilon units from -10.5 to  
-12.5 with an overall trend towards more radiogenic values up core (Table 2.1, Fig. 
2.5) (εNd is the deviation of the sample 143Nd/144Nd ratio from the chondritic uniform 
reservoir (CHUR) at the time of deposition in parts per 10,000). No systematic 
relationship is observed between lithology, the εNd values, and Fe content of the 
sediments, although the most radiogenic values are found in the green layers and 
the most unradiogenic values are found in the red layers. The four samples 
consisting of splits of fully cleaned and uncleaned (water and methanol only) fossil 
teeth and debris produced the same Nd isotopic composition within error (Table 2.1). 
Detrital Nd isotopes vary by just over 1 epsilon unit from -13.7 to -14.8 and show no 
obvious correlation with sediment colour, although sample resolution is lower than for 
fossil fish teeth (n= 6). The two phases are isotopically distinct throughout the core, 
 
 
Figure 2.4: Downcore plots of fish tooth (grey) and sediment (black) U and Mo 
concentrations against depth 
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with sediments yielding 2.4 to 2.7 epsilon units lower Nd isotopic compositions than 
fish teeth and debris. 
 
 
 
2.4.4 REE Profiles 
 
Fossil fish teeth and sediment sample REE patterns for 15 and 50 samples 
respectively were normalized to PAAS (Post Archean Average Shale,;Taylor and 
McLennan, 1985) and are displayed in Table 2.2 and Figure 2.6. The sediment 
samples show a flat REE profile, characteristic for shale, in both red and green 
sediments. The fish teeth profiles, in contrast, show a typical mid-REE enrichment 
and a positive Ce anomaly, which can be observed for both red and green 
 
 
Figure 2.5: Reconstructed authigenic (gray) and detrital (black) neodymium isotopic 
composition from fossil fish teeth and sediment samples at IODP Site U1356, core 98. 
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lithologies. Samples from green layers yield 10 to 30% higher REE concentrations 
than samples from the red layers (Fig. 2.6). The REE profiles for the sample sets of 
cleaned and uncleaned fossil fish teeth (upper panel, Fig. 2.6), reveal that overall 
REE pattern remain unchanged by the cleaning process, but that REE 
concentrations are consistently lower in cleaned samples relative to uncleaned ones. 
One sample (318-U1356A-98R-5 80-83; Table 2.2) yielded unusually low REE 
concentrations for unknown reasons and will be omitted for the following discussion. 
 
 
 
Figure 2.6: REE profiles of sediment (lower panel), fossil fish teeth (middle panel), and 
cleaned and uncleaned samples (upper panel, note separate y-axis) normalised to PAAS 
(Taylor and McLennan, 1985) Green and red colours refer to colour of sediment layer from 
which the sample was taken. A = average open ocean fish tooth REE profile (Martin et al., 
2010), B = average Cretaceous shelf site fish tooth REE profile (Moiroud et al., 2013). 
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Table 2.1a: Neodymium isotopic composition of fish tooth and sediment samples 
 
  a) b) c) d) e) f) 
Sample Name 
 
Sample Depth 
(mbsf) 
143Nd/144Nd ± 2σ S.E ƐNd ± 2σ S.D 147Sm/144Nd ƐNd(t) 
Fish Teeth        
318-U1356A-98R-1-0811/15 919.90 0.512049 0.000010 -11.5 0.2 0.155 -11.2 
318-U1356A-98R-1-0811/26 919.90 0.512035 0.000012 -11.8 0.3 0.155 -11.5 
318-U1356A-98R-1-41445 920.24 0.512049 0.000010 -11.5 0.2 0.162 -11.3 
318-U1356A-98R-1 64681 920.44 0.512083 0.000029 -10.8 0.3 0.153 -10.5 
318-U1356A-98R-1-80845 920.64 0.512067 0.000010 -11.1 0.2 0.161 -10.9 
318-U1356A-98R-2-00037 920.96 0.512047 0.000008 -11.5 0.2 0.146 -11.2 
318-U1356A-98R-2-5861/15 921.55 0.512071 0.000014 -11.1 0.2 0.159 -10.8 
318-U1356A-98R-2-5861/25 921.55 0.512072 0.000016 -11.0 0.2 0.159 -10.8 
318-U1356A-98R-2-1201236 922.17 0.512060 0.000012 -11.3 0.3 0.148 -11.0 
318-U1356A-98R-3-40437 922.66 0.512041 0.000010 -11.7 0.2 0.148 -11.4 
318-U1356A-98R-3-55592 922.81 0.512038 0.000027 -11.7 0.3 0.153 -11.4 
318-U1356A-98R-3-100103/15 923.24 0.512032 0.000014 -11.8 0.2 0.141 -11.5 
318-U1356A-98R-3-100103/25 923.24 0.512026 0.000018 -11.9 0.2 0.141 -11.6 
318-U1356A-98R-3-1201237 923.44 0.512008 0.000006 -12.3 0.2 0.141 -11.9 
318-U1356A-98R-4-25292 923.98 0.512006 0.000008 -12.3 0.2 0.140 -12.0 
*318-U1356A-98R-4-25294 923.98 0.512009 0.000023 -12.3 0.2 0.140 -11.9 
318-U1356A-98R-4-42466 924.18 0.512019 0.000010 -12.1 0.3 0.144 -11.7 
318-U1356A-98R-4-60636 924.38 0.512020 0.000012 -12.1 0.3 0.141 -11.7 
318-U1356A-98R-5-00036 924.40 0.512035 0.000012 -11.8 0.3 0.148 -11.5 
318-U1356A-98R-5-25292 924.63 0.512020 0.000023 -12.1 0.3 0.153 -11.8 
^318-U1356A-98R-5-25293 924.63 0.512011 0.000014 -12.2 0.3 0.153 -12.0 
318-U1356A-98R-5-60637 925.00 0.512006 0.000008 -12.3 0.2 0.143 -12.0 
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318-U1356A-98R-5-70742 925.10 0.512022 0.000023 -12.0 0.3 0.153 -11.7 
318-U1356A-98R-5-8083/16 925.20 0.511984 0.000014 -12.8 0.3 0.141 -12.4 
318-U1356A-98R-5-8083/26 925.20 0.511980 0.000016 -12.8 0.3 0.141 -12.5 
        
Sediments        
318-U1356A-98R-1-64685 920.44 0.511865 0.000014 -15.1 0.3 0.150 -14.8 
318-U1356A-98R-2-00035 920.96 0.511921 0.000014 -14.0 0.3 0.150 -13.7 
318-U1356A-98R-3-00035 922.26 0.511908 0.000012 -14.2 0.3 0.150 -14.0 
318-U1356A-98R-4-20245 923.93 0.511872 0.000013 -14.9 0.3 0.150 -14.7 
318-U1356A-98R-5-20245 924.58 0.511871 0.000016 -15.0 0.3 0.150 -14.7 
318-U1356A-98R-5-79.58 925.18 0.511875 0.000014 -14.9 0.3 0.150 -14.6 
 
a) Measured Nd isotopic composition normalised to JNdi 143Nd/144Nd value of 0.512115 (Tanaka et al., 2000). For normalising we used the average values on  
the day given in Table 2.1b. 
b) Internal 2σ standard error of the measurements 
c) εNd values are calculated relative to CHUR value of 0.512638 (Jacobsen and Wasserburg, 1980) 
d) External errors are the 2σ standard deviations derived from repeat analysis of the JNdi standard in measuring sessions as specified in Table 2.1b. 
Uncertanties plotted in figures are 2σ S.E. or 2σ S.D, dependant on which one is larger. 
e) 147Sm/144Nd ratio calculated from REE concentration measurement (Table 2.2). Where no value was avaliable, an average value of 0.153 was used and is 
reported in italic font. 
f) εNd(t) values calculated using 147Sm/144Nd values from column e, and CHUR values of 143Nd/144Nd=0.512638; 147Sm/144Nd=0.1966 (Jacobsen and 
Wasserburg 1980). 
^ denotes chemical duplicate 
* denotes full chemical replicate 
/1 denotes uncleaned sample subject to cleaning with only MQ water and methanol 
/2 denotes cleaned sample subject to full oxidative-reductive cleaning protocol 
nrefers to measurement session in Table 2.1b 
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Table 2.1b: Measurement session details 
 
Sample 143Nd/144Nd ± 2σ S.E. n 
Fish teeth    
111th Aug 2011 0.512005 0.000012 7 
228th Sept 2011 0.512045 0.000015 14 
321st Feb 2012 0.512140 0.000015 9 
428th Mar 2012 0.512103 0.000011 26 
513th May 2013 0.512147 0.000010 16 
621st May 2013 0.512087 0.000014 12 
728th May 2013 0.512134 0.000010 18 
   102 
Sediments    
84th Aug 2011 0.511937 0.000015 16 
513th May 2013 0.512147 0.000010 16 
   32 
 
The average 143Nd/144Nd ratio used for offset correction and 2σ S.E is given for the session and the number of measurements this value is based on is 
reported for both sediment and fish tooth samples 
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Table 2.2: REE content for fish tooth and sediment samples 
 
Fish Tooth Sample Depth (mbsf) 
La 
(ppm) 
Ce 
(ppm) 
Pr 
(ppm) 
Nd 
(ppm) 
Sm 
(ppm) 
Eu 
(ppm) 
Gd 
(ppm) 
Tb 
(ppm) 
Dy 
(ppm) 
Y 
(ppm) 
Ho 
(ppm) 
Er 
(ppm) 
Tm 
(ppm) 
Yb 
(ppm) 
Lu 
(ppm) 
318-U1356A-98R-1-0811/1 919.90 1057.1 3697.4 352.7 1515.9 372.5 93.0 428.8 64.9 405.0 2269.9 79.3 223.1 28.4 166.5 24.8 
318-U1356A-98R-1-0811/2 919.90 334.1 1009.3 107.7 460.9 114.5 26.7 128.4 20.1 124.8 688.8 25.1 69.8 9.4 53.6 7.9 
318-U1356A-98R-1-4144 920.24 432.2 1475.6 159.1 683.7 175.5 41.6 194.8 30.8 192.3 1003.4 38.3 106.8 13.9 84.8 12.5 
318-U1356A-98R-1 6468 920.44                
318-U1356A-98R-1-8084 920.64 509.9 1724.1 185.8 785.4 200.4 48.5 224.3 35.0 222.3 1171.9 43.9 125.7 16.2 95.7 14.3 
318-U1356A-98R-2-0003 920.96 953.8 2650.6 291.1 1206.7 278.8 66.4 311.5 48.0 310.3 1793.5 62.8 182.4 24.3 143.8 21.4 
318-U1356A-98R-2-5861/1 921.55 737.1 2749.8 274.6 1166.9 294.5 66.5 310.6 47.9 296.0 1627.0 58.5 161.5 20.8 119.5 17.5 
318-U1356A-98R-2-5861/2 921.55 438.8 1502.9 154.5 656.4 162.7 38.5 179.9 27.8 173.8 984.2 35.3 98.7 12.9 76.7 11.2 
318-U1356A-98R-2-120123 922.17 583.1 1858.9 181.0 740.1 174.5 40.8 195.2 29.6 192.2 1127.2 39.2 116.3 15.5 93.2 13.8 
318-U1356A-98R-3-4043 922.66 713.4 2553.2 237.5 960.9 226.3 53.4 242.5 37.4 241.0 1323.8 48.0 137.6 18.7 111.0 16.3 
318-U1356A-98R-3-5559 922.81                
318-U1356A-98R-3-100103/1 923.24 638.8 2096.4 191.1 768.2 171.8 39.7 184.2 27.8 179.7 1065.4 36.2 106.5 14.4 85.9 12.4 
318-U1356A-98R-3-100103/2 923.24 550.1 1840.6 172.1 696.3 163.4 37.6 173.8 27.2 175.5 1034.8 35.6 106.6 14.1 86.5 13.1 
318-U1356A-98R-3-120123 923.44 836.5 2615.0 247.6 1007.9 226.2 52.4 243.6 36.8 231.3 1325.4 46.6 133.9 17.6 103.0 14.9 
318-U1356A-98R-4-2529 923.98 579.3 1776.8 169.0 684.0 152.3 36.2 167.0 25.1 162.9 925.0 32.7 96.5 13.5 79.5 11.9 
318-U1356A-98R-4-2529 923.98                
318-U1356A-98R-4-4246 924.18 553.8 1821.9 177.8 709.1 161.6 37.4 171.6 25.8 162.3 877.7 32.1 94.3 12.6 74.1 10.8 
318-U1356A-98R-4-6063 924.38 410.8 1517.2 138.6 566.8 127.0 29.9 135.3 20.2 126.7 651.6 24.7 70.2 9.3 53.0 8.1 
318-U1356A-98R-5-0003 924.40 380.4 1516.6 138.8 553.3 130.2 28.6 139.1 20.7 127.2 637.8 24.3 72.2 9.3 57.3 8.3 
318-U1356A-98R-5-2529 924.63                
318-U1356A-98R-5-2529 924.63                
318-U1356A-98R-5-6063 925.00 698.7 2379.9 214.0 863.9 196.6 44.9 213.3 31.9 204.5 1202.6 41.4 119.6 16.7 101.7 14.8 
318-U1356A-98R-5-7074 925.10                
318-U1356A-98R-5-8083/1 925.20 305.4 795.0 84.9 339.8 75.8 17.0 80.4 12.0 75.2 451.0 15.2 46.4 6.4 40.1 6.1 
318-U1356A-98R-5-8083/2 925.20 75.4 183.9 19.7 79.8 17.6 3.9 18.6 2.8 17.5 113.7 3.7 11.3 1.5 9.9 1.5 
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Bulk Sediment Sample Sample Depth  (mbsf) 
La 
(ppm) 
Ce 
(ppm) 
Pr 
(ppm) 
Nd 
(ppm) 
Sm 
(ppm) 
Eu 
(ppm) 
Gd 
(ppm) 
Tb 
(ppm) 
Dy 
(ppm) 
Y 
(ppm) 
Ho 
(ppm) 
Er 
(ppm) 
Tm 
(ppm) 
Yb 
(ppm) 
Lu 
(ppm) 
Average 'Red' - 36.2 78.6 8.3 30.7 6.1 1.3 5.4 0.9 4.7 27.4 1.0 2.6 0.4 2.7 0.4 
Average 'Green' - 33.7 73.5 7.9 29.7 5.9 1.2 5.0 0.8 4.3 23.5 0.9 2.3 0.4 2.4 0.4 
                 
318-U1356A-98R-1-1618 919.97 30.0 71.0 7.4 28.3 5.4 1.1 4.5 0.8 3.9 20.4 0.8 2.0 0.3 2.0 0.3 
318-U1356A-98R-1-3335 920.14 37.8 86.3 8.9 35.2 6.8 1.3 5.4 0.9 4.9 25.6 1.1 2.6 0.4 2.9 0.4 
318-U1356A-98R-1-6468 920.45 32.0 69.7 7.4 28.2 5.4 1.1 4.4 0.7 4.1 20.8 0.8 2.1 0.4 2.2 0.3 
318-U1356A-98R-1-7981 920.60 32.3 73.1 7.4 27.2 5.5 1.1 4.8 0.7 4.2 21.5 0.9 2.1 0.4 2.2 0.3 
318-U1356A-98R-1-105107 920.86 31.0 68.1 7.4 27.6 5.2 1.1 4.4 0.7 3.8 19.6 0.8 2.0 0.3 2.1 0.3 
318-U1356A-98R-2-0305 920.99 35.3 76.0 8.1 30.3 5.9 1.2 5.0 0.8 4.0 22.8 0.9 2.2 0.3 2.2 0.3 
318-U1356A-98R-2-1719 921.11 39.2 89.5 9.1 34.2 6.9 1.5 6.3 1.0 5.4 33.5 1.2 3.2 0.5 2.9 0.4 
318-U1356A-98R-2-2527 921.21 28.9 62.7 6.9 26.0 5.1 1.0 4.2 0.7 3.3 17.1 0.7 1.8 0.3 2.0 0.3 
318-U1356A-98R-2-3739 921.31 19.4 41.5 4.4 16.5 3.2 0.7 2.6 0.4 2.0 12.7 0.5 1.2 0.2 1.3 0.2 
318-U1356A-98R-2-5054 921.47 37.3 79.3 8.6 32.5 6.5 1.3 5.0 0.8 4.5 23.2 0.9 2.4 0.4 2.5 0.4 
318-U1356A-98R-2-6769 921.61 32.0 70.6 7.6 28.5 5.5 1.2 5.0 0.8 4.1 22.3 0.9 2.3 0.3 2.2 0.3 
318-U1356A-98R-2-7779 921.73 30.9 66.7 7.1 26.8 5.4 1.1 4.3 0.7 3.7 20.8 0.8 2.1 0.3 2.1 0.3 
318-U1356A-98R-2-8284 921.78 33.8 74.1 7.8 29.3 5.5 1.2 5.0 0.9 4.1 22.2 0.9 2.2 0.4 2.2 0.3 
318-U1356A-98R-2-9497 921.90 39.2 85.9 9.0 32.9 6.7 1.4 6.1 0.9 5.3 30.3 1.2 2.8 0.5 3.0 0.4 
318-U1356A-98R-2-106108 922.02 29.9 63.2 6.9 25.8 5.0 1.1 4.0 0.7 3.3 17.1 0.7 1.8 0.3 2.0 0.3 
318-U1356A-98R-2-113115 922.09 35.7 78.9 8.4 31.3 6.3 1.4 5.5 0.9 4.7 24.9 1.0 2.5 0.4 2.4 0.4 
318-U1356A-98R-2-126128 922.22 36.2 78.7 8.2 30.3 6.0 1.3 5.4 0.9 4.5 28.2 1.1 2.7 0.4 2.6 0.4 
318-U1356A-98R-3-0911 922.34 34.8 76.4 7.8 28.8 6.0 1.3 5.3 0.8 4.5 26.4 1.0 2.7 0.4 2.7 0.4 
318-U1356A-98R-3-1618 922.41 33.6 74.0 7.7 28.8 5.8 1.2 4.8 0.8 4.5 26.2 1.0 2.5 0.4 2.6 0.4 
318-U1356A-98R-3-2628 922.51 34.6 78.0 8.0 29.8 6.1 1.3 5.4 0.8 4.5 26.9 1.0 2.5 0.4 2.6 0.4 
318-U1356A-98R-3-3739 922.62 32.6 72.1 7.6 27.6 5.4 1.2 4.7 0.8 4.3 23.6 0.9 2.2 0.4 2.5 0.4 
318-U1356A-98R-3-4446 922.69 29.8 64.1 6.7 24.5 5.0 1.0 4.3 0.7 3.8 20.1 0.8 2.0 0.3 2.3 0.4 
318-U1356A-98R-3-5559 922.80 35.1 77.6 8.1 29.4 6.2 1.2 5.4 0.9 4.9 26.0 1.0 2.6 0.4 2.6 0.4 
318-U1356A-98R-3-6466 922.89 32.5 71.0 7.7 28.4 5.8 1.3 4.9 0.8 4.7 25.8 1.0 2.6 0.4 2.6 0.4 
318-U1356A-98R-3-7476 922.99 32.9 69.7 7.6 28.7 5.9 1.3 4.9 0.8 4.3 25.3 1.0 2.5 0.4 2.6 0.4 
318-U1356A-98R-3-8688 923.11 39.2 84.0 8.8 32.8 6.4 1.4 5.6 1.0 5.2 30.4 1.1 2.9 0.5 3.0 0.4 
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Bulk Sediment Sample Sample Depth  (mbsf) 
La 
(ppm) 
Ce 
(ppm) 
Pr 
(ppm) 
Nd 
(ppm) 
Sm 
(ppm) 
Eu 
(ppm) 
Gd 
(ppm) 
Tb 
(ppm) 
Dy 
(ppm) 
Y 
(ppm) 
Ho 
(ppm) 
Er 
(ppm) 
Tm 
(ppm) 
Yb 
(ppm) 
Lu 
(ppm) 
318-U1356A-98R-3-9294 923.17 34.9 81.0 8.3 31.7 6.5 1.4 5.4 0.9 4.6 25.4 1.0 2.3 0.4 2.5 0.4 
318-U1356A-98R-3-106109 923.31 37.4 81.8 8.6 32.4 6.5 1.4 5.6 0.9 5.1 29.4 1.1 2.8 0.5 2.8 0.4 
318-U1356A-98R-3-117119 923.42 36.0 79.7 8.1 30.3 6.1 1.3 5.3 0.8 4.7 28.1 1.1 2.6 0.4 2.8 0.4 
318-U1356A-98R-3-128130 923.53 37.3 80.9 8.6 31.5 6.5 1.4 5.9 0.9 5.0 29.7 1.1 2.9 0.5 2.7 0.4 
318-U1356A-98R-3-135137 923.60 38.5 84.0 8.8 34.1 6.4 1.4 5.7 0.9 5.3 31.0 1.1 2.8 0.5 3.0 0.4 
318-U1356A-98R-3-145147 923.70 41.4 94.6 10.0 37.6 7.8 1.7 6.5 1.0 5.7 33.6 1.3 3.2 0.5 3.1 0.4 
318-U1356A-98R-4-0407 923.77 45.9 103.8 10.8 39.5 7.8 1.7 7.2 1.2 5.8 36.4 1.3 3.4 0.5 3.2 0.5 
318-U1356A-98R-4-1517 923.89 37.1 77.7 8.5 31.9 6.2 1.3 5.3 0.9 4.6 28.1 1.0 2.8 0.4 2.8 0.4 
318-U1356A-98R-4-1719 923.91 38.8 84.5 8.8 32.3 6.5 1.5 6.1 1.0 4.9 29.4 1.1 2.7 0.4 2.7 0.4 
318-U1356A-98R-4-2529 924.00 33.0 68.0 7.5 27.7 5.6 1.2 4.8 0.8 4.4 25.8 0.9 2.5 0.4 2.5 0.4 
318-U1356A-98R-4-3234 924.06 35.8 71.6 8.0 30.0 6.0 1.3 5.3 0.9 4.7 28.0 1.0 2.6 0.4 2.6 0.4 
318-U1356A-98R-4-4247 924.16 34.5 68.3 8.0 29.9 6.2 1.3 5.3 0.8 4.7 27.5 1.0 2.6 0.5 2.8 0.4 
318-U1356A-98R-4-5557 924.29 35.6 75.8 8.6 31.3 6.4 1.4 5.6 0.9 4.7 27.4 1.0 2.6 0.4 2.7 0.4 
318-U1356A-98R-4-6365 924.37 32.0 67.9 7.8 29.0 5.7 1.2 5.0 0.8 4.2 23.0 0.9 2.3 0.4 2.4 0.4 
318-U1356A-98R-5-0005 924.41 31.7 64.1 7.8 28.2 5.8 1.2 4.9 0.8 4.3 23.3 0.9 2.4 0.4 2.6 0.4 
318-U1356A-98R-5-0709 924.46 35.2 73.0 8.4 29.7 6.2 1.3 5.4 0.8 4.7 25.6 1.0 2.5 0.4 2.7 0.4 
318-U1356A-98R-5-2428 924.64 41.3 89.5 9.2 33.9 6.3 1.5 6.0 0.9 5.3 33.3 1.2 3.1 0.5 3.0 0.4 
318-U1356A-98R-5-3436 924.74 38.5 82.9 8.4 32.0 6.6 1.4 5.4 0.9 5.1 30.8 1.1 2.9 0.5 2.7 0.4 
318-U1356A-98R-5-4448 924.83 38.7 84.8 8.7 32.3 6.6 1.4 5.6 0.9 5.1 29.8 1.1 2.8 0.5 2.8 0.4 
318-U1356A-98R-5-5557 924.94 37.8 81.9 8.6 32.6 6.2 1.3 5.7 0.9 4.7 27.0 1.0 2.6 0.4 2.7 0.4 
318-U1356A-98R-5-5961 924.98 37.3 80.7 8.3 30.3 6.0 1.3 5.7 0.9 4.9 27.3 1.0 2.6 0.4 2.7 0.4 
318-U1356A-98R-5-7074 925.10 38.9 84.0 8.7 32.6 6.5 1.4 5.7 1.0 5.1 29.3 1.1 2.8 0.4 2.8 0.4 
318-U1356A-98R-5-8486 925.23 43.8 91.6 9.2 34.1 6.5 1.3 5.9 0.9 5.2 31.9 1.2 2.9 0.5 2.9 0.4 
318-U1356A-98R-5-9193 925.30 41.7 92.6 9.1 34.9 6.9 1.5 6.0 1.0 5.1 31.3 1.1 2.9 0.5 3.0 0.4 
Precision of ±5% for bulk sediment samples 
Precision of ±2% for fish tooth samples 
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Table 2.3: Major and trace element data for fish tooth samples 
 
Sample Name Sample Depth  (mbsf) 
Fe 
 (wt%) 
Mn  
(wt%) 
Al 
 (wt%) 
Ca  
(wt%) 
Na  
(wt%) 
Mg  
(wt%) 
Si  
(wt%) 
K  
(wt%) 
Ti 
 (wt%) 
318-U1356A-98R-1-0811/1 919.90 0.69 0.04 0.07 45.6 0.93 0.20 0.10 0.07 0.010 
318-U1356A-98R-1-0811/2 919.90 0.64 0.03 0.02 34.7 0.71 0.08 0.04 0.06 0.007 
318-U1356A-98R-1-4144 920.24 0.94 0.04 0.09 48.6 0.96 0.13 0.19 0.08 0.016 
318-U1356A-98R-1 6468 920.44          
318-U1356A-98R-1-8084 920.64 0.86 0.04 0.18 49.0 1.00 0.14 0.45 0.07 0.010 
318-U1356A-98R-2-0003 920.96 0.88 0.04 0.28 46.0 0.92 0.17 0.97 0.06 0.013 
318-U1356A-98R-2-5861/1 921.55 0.74 0.04 0.16 44.8 0.92 0.13 0.43 0.09 0.010 
318-U1356A-98R-2-5861/2 921.55 0.47 0.03 0.02 35.4 0.71 0.07 0.02 0.03 0.008 
318-U1356A-98R-2-120123 922.17 0.71 0.04 0.07 49.8 1.01 0.13 0.20 0.07 0.012 
318-U1356A-98R-3-4043 922.66 0.65 0.04 0.05 44.2 0.81 0.10 0.12 0.04 0.009 
318-U1356A-98R-3-5559 922.81          
318-U1356A-98R-3-100103/1 923.24 0.68 0.04 0.06 37.6 0.75 0.10 0.14 0.07 0.008 
318-U1356A-98R-3-100103/2 923.24 0.45 0.03 0.01 32.7 0.73 0.07 0.02 0.05 0.006 
318-U1356A-98R-3-120123 923.44 0.97 0.05 0.35 44.4 0.85 0.17 1.46 0.05 0.013 
318-U1356A-98R-4-2529 923.98          
318-U1356A-98R-4-2529 923.98 0.71 0.04 0.04 48.8 0.99 0.12 0.04 0.07 0.009 
318-U1356A-98R-4-4246 924.18 0.65 0.03 0.07 38.3 0.78 0.09 0.07 0.08 0.008 
318-U1356A-98R-4-6063 924.38 0.83 0.04 0.07 32.1 0.66 0.08 0.07 0.12 0.007 
318-U1356A-98R-5-0003 924.40 0.77 0.03 8.74 24.3 0.81 0.09 0.29 0.27 0.023 
318-U1356A-98R-5-2529 924.63          
318-U1356A-98R-5-2529 924.63          
318-U1356A-98R-5-6063 925.00 0.54 0.03 0.01 33.3 0.61 0.07 0.03 0.06 0.009 
318-U1356A-98R-5-7074 925.10          
318-U1356A-98R-5-8083/1 925.20 0.52 0.02 0.02 23.3 0.46 0.07 0.05 0.07 0.005 
318-U1356A-98R-5-8083/2 925.20 0.37 0.01 0.01 14.9 0.31 0.03 0.02 0.04 0.004 
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Sample Name Sample Depth  (mbsf) 
Li 
(ppm) 
Rb 
(ppm) 
Be 
(ppm) 
Sr 
(ppm) 
Ba 
(ppm) 
Sc 
(ppm) 
V 
(ppm) 
Cr 
(ppm) 
Co 
 (ppm) 
Ni 
(ppm) 
318-U1356A-98R-1-0811/1 919.90 6.9 1.2 11.9 1776.2 1939.9 94.3 18.8 9.9 1.0 8.1 
318-U1356A-98R-1-0811/2 919.90 5.2 0.7 6.3 1449.7 1262.1 34.1 8.2 16.6 0.6 32.9 
318-U1356A-98R-1-4144 920.24 10.7 1.1 10.2 1739.3 1933.6 48.1 13.8 4.4 1.5 7.0 
318-U1356A-98R-1 6468 920.44           
318-U1356A-98R-1-8084 920.64 8.4 1.7 12.8 2131.6 2205.6 60.9 17.0 11.1 0.9 6.8 
318-U1356A-98R-2-0003 920.96 10.6 2.3 16.1 2061.9 2335.3 113.7 18.8 20.3 1.2 13.7 
318-U1356A-98R-2-5861/1 921.55 7.9 2.0 15.3 1900.9 1866.1 98.1 15.6 8.8 4.4 18.7 
318-U1356A-98R-2-5861/2 921.55 4.0 0.3 13.4 1365.5 1437.1 52.9 7.1 3.3 0.6 5.2 
318-U1356A-98R-2-120123 922.17 7.9 1.1 19.1 2113.8 2422.1 76.0 10.6 12.1 0.6 4.2 
318-U1356A-98R-3-4043 922.66 5.5 0.5 18.9 1769.9 2041.6 97.1 9.6 13.5 0.5 5.4 
318-U1356A-98R-3-5559 922.81           
318-U1356A-98R-3-100103/1 923.24 4.9 0.9 18.8 1619.5 1982.7 80.8 8.9 10.9 0.4 5.0 
318-U1356A-98R-3-100103/2 923.24 3.9 0.5 13.5 1192.3 1505.4 68.5 5.7 0.6 0.4 4.5 
318-U1356A-98R-3-120123 923.44 7.1 2.7 21.8 1944.0 2319.0 90.0 16.3 15.3 0.7 5.8 
318-U1356A-98R-4-2529 923.98           
318-U1356A-98R-4-2529 923.98 3.2 0.5 17.2 2030.2 1795.1 72.8 8.2 29.3 0.4 12.6 
318-U1356A-98R-4-4246 924.18 2.3 0.9 14.2 1630.4 1454.1 67.0 10.9 5.2 0.4 5.5 
318-U1356A-98R-4-6063 924.38 2.1 0.4 13.6 1314.8 1497.3 51.5 13.1 12.8 0.4 6.3 
318-U1356A-98R-5-0003 924.40 1.7 3.1 10.7 948.1 1296.7 52.6 17.7 58.2 0.7 240.1 
318-U1356A-98R-5-2529 924.63           
318-U1356A-98R-5-2529 924.63           
318-U1356A-98R-5-6063 925.00 2.5 0.5 13.2 1370.8 1602.7 99.5 7.1 4.8 0.2 3.9 
318-U1356A-98R-5-7074 925.10           
318-U1356A-98R-5-8083/1 925.20 2.0 0.2 9.1 884.0 1104.2 41.5 4.8 10.5 0.3 2.4 
318-U1356A-98R-5-8083/2 925.20 0.9 0.1 5.3 577.7 627.5 10.0 2.6 5.9 0.1 1.3 
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Sample Name Sample Depth  (mbsf) 
Cu  
(ppm) 
Zn  
(ppm) 
Ga 
 (ppm) 
Y  
(ppm) 
Nb  
(ppm) 
Ta  
(ppm) 
Zr  
(ppm) 
Mo  
(ppm) 
U  
(ppm) 
Th  
(ppm) 
318-U1356A-98R-1-0811/1 919.90 253.6 235.3 94.2 2269.9 4.6 2.3 62.0 1.8 25.3 266.1 
318-U1356A-98R-1-0811/2 919.90 5.5 151.2 59.9 688.8 3.0 1.8 20.1 1.5 6.9 43.1 
318-U1356A-98R-1-4144 920.24 46.7 471.3 90.7 1003.4 5.9 2.9 50.9 1.6 29.2 259.0 
318-U1356A-98R-1 6468 920.44 
          318-U1356A-98R-1-8084 920.64 31.7 375.3 102.3 1171.9 2.4 1.3 22.1 1.0 3.1 253.8 
318-U1356A-98R-2-0003 920.96 88.7 309.4 109.8 1793.5 3.1 1.3 47.9 1.1 16.5 192.3 
318-U1356A-98R-2-5861/1 921.55 35.7 304.4 90.1 1627.0 2.4 1.2 53.3 1.1 46.8 272.5 
318-U1356A-98R-2-5861/2 921.55 5.4 219.1 68.2 984.2 11.8 4.0 31.0 0.6 9.6 104.3 
318-U1356A-98R-2-120123 922.17 23.9 388.6 113.2 1127.2 1.3 1.5 42.1 0.7 7.1 127.8 
318-U1356A-98R-3-4043 922.66 92.0 243.2 92.6 1323.8 1.0 0.8 26.6 0.7 8.9 229.1 
318-U1356A-98R-3-5559 922.81 
          318-U1356A-98R-3-100103/1 923.24 13.8 227.0 90.4 1065.4 1.5 0.7 27.7 0.7 5.7 115.9 
318-U1356A-98R-3-100103/2 923.24 4.9 183.4 67.9 1034.8 0.8 0.8 24.1 0.5 5.3 88.3 
318-U1356A-98R-3-120123 923.44 11.9 174.9 103.9 1325.4 1.4 0.8 47.5 1.0 7.4 173.2 
318-U1356A-98R-4-2529 923.98 
          318-U1356A-98R-4-2529 923.98 14.3 328.3 83.2 925.0 2.7 2.8 14.4 1.2 5.9 106.4 
318-U1356A-98R-4-4246 924.18 26.1 450.0 67.7 877.7 1.3 1.1 20.0 0.4 15.7 186.6 
318-U1356A-98R-4-6063 924.38 14.2 183.0 70.7 651.6 1.3 4.0 14.3 0.7 12.3 99.9 
318-U1356A-98R-5-0003 924.40 494.9 248.9 70.6 637.8 2.7 2.5 24.7 1.6 32.9 228.0 
318-U1356A-98R-5-2529 924.63 
          318-U1356A-98R-5-2529 924.63 
          318-U1356A-98R-5-6063 925.00 15.3 222.4 73.6 1202.6 11.5 7.3 30.0 1.0 8.1 33.8 
318-U1356A-98R-5-7074 925.10 
          318-U1356A-98R-5-8083/1 925.20 9.0 242.6 51.6 451.0 0.7 0.3 16.9 1.0 4.5 43.0 
318-U1356A-98R-5-8083/2 925.20 2.4 140.8 29.0 113.7 31.4 3.7 12.0 0.5 1.6 1.4 
/1 denotes uncleaned sample subject to cleaning with only MQ water and methanol 
/2 denotes cleaned sample subject to full oxidative-reductive cleaning protocol 
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Table 2.4: Major and trace element data for sediment samples 
 
Sample Name Sample Depth  (mbsf) 
Fe% 
 (wt.%) 
Mn%  
(wt.%) 
Al%  
(wt.%) 
Ca%  
(wt.%) 
Na%  
(wt.%) 
Mg%  
(wt.%) 
Si%  
(wt.%) 
K%  
(wt.%) 
Ti%  
(wt.%) 
318-U1356A-98R-1-1618 919.97 6.3 0.03 10.8 0.22 0.9 1.2 20.2 2.4 0.55 
318-U1356A-98R-1-3335 920.14 4.7 0.03 12.0 0.31 1.0 1.2 24.6 2.7 0.68 
318-U1356A-98R-1-6468 920.45 6.5 0.01 10.6 0.42 1.3 1.4 25.5 2.1 0.61 
318-U1356A-98R-1-7981 920.60 8.1 0.02 10.1 0.48 1.3 1.4 24.5 2.0 0.58 
318-U1356A-98R-1-105107 920.86 4.9 0.01 11.7 0.38 1.1 1.4 24.7 2.4 0.63 
318-U1356A-98R-2-0305 920.99 6.4 0.01 10.6 0.54 1.2 1.4 24.3 1.8 0.64 
318-U1356A-98R-2-1719 921.11 5.2 0.01 11.2 0.51 1.2 1.4 24.4 1.7 0.65 
318-U1356A-98R-2-2527 921.21 4.8 0.02 11.5 0.37 1.0 1.3 24.6 2.4 0.62 
318-U1356A-98R-2-3739 921.31 8.2 0.31 7.6 8.14 0.8 1.3 18.5 1.7 0.39 
318-U1356A-98R-2-5054 921.47 4.4 0.01 12.4 0.35 1.0 1.3 24.5 2.2 0.68 
318-U1356A-98R-2-6769 921.61 7.7 0.01 10.1 0.47 1.2 1.3 24.4 2.0 0.59 
318-U1356A-98R-2-7779 921.73 5.6 0.02 10.5 0.43 1.2 1.3 25.5 2.2 0.64 
318-U1356A-98R-2-8284 921.78 6.2 0.01 10.8 0.42 1.2 1.4 24.6 2.0 0.65 
318-U1356A-98R-2-9497 921.90 7.9 0.02 10.9 0.51 1.1 1.3 23.6 1.6 0.57 
318-U1356A-98R-2-106108 922.02 5.0 0.02 11.7 0.39 1.0 1.4 24.1 2.4 0.64 
318-U1356A-98R-2-113115 922.09 5.0 0.01 11.3 0.47 1.1 1.4 24.3 1.7 0.68 
318-U1356A-98R-2-126128 922.22 8.2 0.01 10.0 0.53 1.2 1.4 23.7 1.6 0.60 
318-U1356A-98R-3-0911 922.34 8.2 0.02 10.2 0.50 1.2 1.4 24.2 1.7 0.61 
318-U1356A-98R-3-1618 922.41 8.6 0.02 10.1 0.49 1.2 1.4 24.0 1.7 0.59 
318-U1356A-98R-3-2628 922.51 8.7 0.04 10.2 0.48 1.2 1.4 23.9 1.8 0.59 
318-U1356A-98R-3-3739 922.62 8.5 0.02 10.3 0.49 1.2 1.4 23.9 1.7 0.59 
318-U1356A-98R-3-4446 922.69 8.6 0.02 10.1 0.45 1.3 1.4 23.9 1.8 0.58 
318-U1356A-98R-3-5559 922.80 9.7 0.03 9.9 0.53 1.3 1.4 24.3 1.7 0.57 
318-U1356A-98R-3-6466 922.89 9.0 0.02 10.0 0.50 1.3 1.4 24.7 1.8 0.57 
318-U1356A-98R-3-7476 922.99 7.6 0.02 10.4 0.47 1.3 1.4 25.2 1.9 0.61 
318-U1356A-98R-3-8688 923.11 8.4 0.02 10.5 0.52 1.3 1.3 24.1 1.7 0.57 
318-U1356A-98R-3-9294 923.17 7.1 0.02 10.2 0.46 1.3 1.4 24.8 1.8 0.61 
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Sample Name Sample Depth  (mbsf) 
Fe% 
 (wt.%) 
Mn%  
(wt.%) 
Al%  
(wt.%) 
Ca%  
(wt.%) 
Na%  
(wt.%) 
Mg%  
(wt.%) 
Si%  
(wt.%) 
K%  
(wt.%) 
Ti%  
(wt.%) 
318-U1356A-98R-3-106109 923.31 9.2 0.02 10.1 0.52 1.3 1.3 24.0 1.7 0.58 
318-U1356A-98R-3-117119 923.42 8.6 0.03 10.3 0.49 1.2 1.4 24.1 1.7 0.59 
318-U1356A-98R-3-128130 923.53 8.0 0.03 10.5 0.50 1.3 1.4 24.4 1.7 0.59 
318-U1356A-98R-3-135137 923.60 7.5 0.04 10.6 0.49 1.2 1.4 24.8 1.8 0.59 
318-U1356A-98R-3-145147 923.70 5.5 0.02 11.3 0.54 1.2 1.4 25.0 1.7 0.60 
318-U1356A-98R-4-0407 923.77 8.3 0.02 10.7 0.59 1.1 1.2 22.7 1.6 0.57 
318-U1356A-98R-4-1517 923.89 8.8 0.03 10.0 0.52 1.1 1.3 22.9 1.8 0.60 
318-U1356A-98R-4-1719 923.91 8.0 0.01 10.4 0.53 1.1 1.3 23.1 1.6 0.62 
318-U1356A-98R-4-2529 924.00 8.9 0.02 10.4 0.50 1.2 1.3 23.7 1.8 0.57 
318-U1356A-98R-4-3234 924.06 9.3 0.02 10.0 0.52 1.2 1.3 23.0 1.8 0.61 
318-U1356A-98R-4-4247 924.16 6.1 0.02 10.9 0.48 1.2 1.4 24.9 2.0 0.61 
318-U1356A-98R-4-5557 924.29 7.6 0.02 10.4 0.50 1.2 1.3 23.9 1.9 0.60 
318-U1356A-98R-4-6365 924.37 5.4 0.02 10.9 0.44 1.1 1.4 24.9 2.2 0.61 
318-U1356A-98-R5-0005 924.41 4.3 0.03 12.3 0.33 0.9 1.2 23.3 2.6 0.70 
318-U1356A-98R-5-0709 924.46 3.6 0.03 11.8 2.00 1.0 1.2 23.7 2.1 0.68 
318-U1356A-98R-5-2428 924.64 8.9 0.02 10.4 0.58 1.1 1.2 21.9 1.5 0.63 
318-U1356A-98R-5-3436 924.74 8.7 0.02 10.1 0.57 1.1 1.2 22.1 1.6 0.63 
318-U1356A-98R-5-4448 924.83 8.4 0.02 10.6 0.55 1.2 1.3 23.7 1.6 0.61 
318-U1356A-98R-5-5557 924.94 8.7 0.01 10.8 0.51 1.2 1.3 23.2 1.5 0.58 
318-U1356A-98R-5-5961 924.98 8.2 0.02 10.9 0.53 1.2 1.3 23.1 1.6 0.58 
318-U1356A-98R-5-7074 925.10 8.3 0.02 10.8 0.57 1.2 1.3 23.2 1.6 0.58 
318-U1356A-98R-5-8486 925.23 8.3 0.03 11.2 0.75 1.1 1.2 22.6 1.5 0.56 
318-U1356A-98R-5-9193 925.30 8.9 0.03 10.7 0.72 1.1 1.3 22.6 1.6 0.58 
 
 
 
 
 
Claire Eva Huck, Ph.D Thesis, 2014 
	  	   41 
Sample Name Sample Depth (mbsf) 
Li 
(ppm) 
Rb 
(ppm) 
Cs 
(ppm) 
Be 
(ppm) 
Sr 
(ppm) 
Ba 
(ppm) 
Sc 
(ppm) 
V 
(ppm) 
Cr 
(ppm) 
Co 
(ppm) 
Ni 
(ppm) 
Cu 
(ppm) 
318-U1356A-98R-1-1618 919.97 108.6 122.0 6.3 2.5 71.9 564.9 18.0 144.9 86.6 21.2 75.7 54.3 
318-U1356A-98R-1-3335 920.14 113.8 126.9 6.5 3.2 80.8 609.3 20.0 148.2 96.0 11.1 34.2 74.8 
318-U1356A-98R-1-6468 920.45 76.7 96.2 5.8 2.4 86.7 433.4 17.0 163.4 90.1 10.5 33.6 42.3 
318-U1356A-98R-1-7981 920.60 66.4 92.9 6.0 1.9 93.4 451.0 16.7 162.6 95.0 7.8 34.9 41.1 
318-U1356A-98R-1-105107 920.86 95.8 110.9 6.3 3.1 79.0 495.5 20.0 215.7 113.3 9.0 39.7 88.6 
318-U1356A-98R-2-0305 920.99 89.5 80.5 5.6 1.9 92.8 412.4 17.6 156.7 70.2 10.9 55.2 159.2 
318-U1356A-98R-2-1719 921.11 85.6 86.2 6.3 2.1 93.3 373.9 17.6 132.2 60.3 11.5 59.9 91.3 
318-U1356A-98R-2-2527 921.21 84.1 97.5 5.4 2.5 77.6 502.1 17.8 201.2 97.7 18.9 44.6 108.3 
318-U1356A-98R-2-3739 921.31 48.4 73.6 3.4 1.7 77.5 426.2 10.4 79.4 54.7 28.0 52.4 36.9 
318-U1356A-98R-2-5054 921.47 114.6 97.9 5.7 2.8 81.9 470.1 20.5 138.4 105.7 8.3 43.5 74.1 
318-U1356A-98R-2-6769 921.61 67.5 87.7 5.4 2.2 88.9 487.8 15.6 108.9 82.5 7.9 29.6 39.4 
318-U1356A-98R-2-7779 921.73 63.9 93.6 5.5 1.8 87.5 526.7 14.3 91.5 79.5 6.1 25.1 49.6 
318-U1356A-98R-2-8284 921.78 79.2 96.4 6.0 1.9 92.5 418.9 17.6 230.1 86.4 7.6 31.1 50.7 
318-U1356A-98R-2-9497 921.90 76.8 81.9 5.3 2.7 92.5 421.7 17.5 146.9 123.7 7.5 84.4 83.8 
318-U1356A-98R-2-106108 922.02 91.5 106.5 6.3 3.0 83.7 561.2 19.5 226.1 109.3 8.5 34.6 77.7 
318-U1356A-98R-2-113115 922.09 81.9 80.1 5.4 1.9 91.2 369.2 19.7 150.3 72.7 14.9 55.9 128.7 
318-U1356A-98R-2-126128 922.22 73.2 79.1 5.6 2.1 94.3 458.4 17.2 137.0 58.5 6.9 34.9 91.8 
318-U1356A-98R-3-0911 922.34 79.0 86.3 5.9 2.4 92.6 446.4 17.1 150.2 85.9 7.0 52.4 101.2 
318-U1356A-98R-3-1618 922.41 76.6 91.5 6.0 2.2 92.6 455.1 17.3 96.5 78.4 7.5 41.1 76.5 
318-U1356A-98R-3-2628 922.51 73.9 94.2 6.4 2.4 92.0 435.3 17.8 109.2 81.6 7.7 58.6 97.2 
318-U1356A-98R-3-3739 922.62 72.8 82.7 5.8 2.3 90.7 417.8 16.8 180.1 94.1 6.4 38.6 76.5 
318-U1356A-98R-3-4446 922.69 72.9 87.8 5.8 2.6 90.5 452.3 16.9 126.8 78.8 6.2 34.4 67.3 
318-U1356A-98R-3-5559 922.80 67.9 87.5 6.1 2.5 96.0 471.1 17.7 121.2 73.1 6.4 32.9 87.8 
318-U1356A-98R-3-6466 922.89 68.7 93.7 6.0 2.3 92.1 493.3 17.7 105.9 77.4 6.8 35.4 167.0 
318-U1356A-98R-3-7476 922.99 73.5 93.2 5.8 2.3 92.4 475.8 17.7 209.2 81.1 7.4 37.0 57.6 
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Sample Name Sample Depth (mbsf) 
Li 
(ppm) 
Rb 
(ppm) 
Cs 
(ppm) 
Be 
(ppm) 
Sr 
(ppm) 
Ba 
(ppm) 
Sc 
(ppm) 
V 
(ppm) 
Cr 
(ppm) 
Co 
(ppm) 
Ni 
(ppm) 
Cu 
(ppm) 
318-U1356A-98R-3-8688 923.11 72.7 90.6 6.2 2.1 102.5 504.4 18.0 195.4 93.1 6.6 35.6 65.1 
318-U1356A-98R-3-9294 923.17 74.4 91.3 5.8 2.1 97.5 515.5 18.1 195.5 113.8 9.6 74.7 85.8 
318-U1356A-98R-3-106109 923.31 68.8 90.6 6.0 2.6 98.4 483.5 18.3 105.5 71.8 7.3 39.6 93.8 
318-U1356A-98R-3-117119 923.42 69.7 90.8 5.9 2.3 94.1 459.5 16.0 88.6 76.4 6.7 39.7 98.0 
318-U1356A-98R-3-128130 923.53 71.4 88.7 5.8 2.2 95.2 458.7 16.0 104.4 77.1 6.8 56.1 96.4 
318-U1356A-98R-3-135137 923.60 71.8 95.9 6.0 2.2 93.6 457.5 15.7 102.3 65.0 7.8 49.2 84.4 
318-U1356A-98R-3-145147 923.70 80.0 87.6 5.6 2.5 95.2 382.9 17.2 133.3 73.4 11.3 51.9 85.6 
318-U1356A-98R-4-0407 923.77 74.5 79.2 5.5 2.3 94.6 426.1 17.7 147.3 63.5 8.2 42.4 96.7 
318-U1356A-98R-4-1517 923.89 74.5 94.9 6.1 2.1 93.7 506.9 16.9 93.6 60.1 6.8 34.6 73.8 
318-U1356A-98R-4-1719 923.91 61.4 79.5 5.4 1.9 95.3 380.9 15.6 156.1 70.0 6.8 37.3 77.1 
318-U1356A-98R-4-2529 924.00 67.8 91.3 5.6 2.2 86.9 439.7 15.1 106.9 82.3 6.9 46.2 52.9 
318-U1356A-98R-4-3234 924.06 60.3 89.9 6.0 1.7 92.9 433.7 15.3 104.3 57.2 6.3 33.0 89.4 
318-U1356A-98R-4-4247 924.16 80.0 107.3 6.5 2.2 92.8 494.2 18.7 140.2 85.8 9.7 46.3 78.1 
318-U1356A-98R-4-5557 924.29 62.4 91.9 5.6 2.0 89.9 417.9 16.0 116.4 102.6 7.2 36.2 56.2 
318-U1356A-98R-4-6365 924.37 68.5 103.3 5.7 1.8 87.9 449.8 16.0 173.6 81.0 21.3 88.8 69.5 
318-U1356A-98-R5-0005 924.41 111.2 125.2 6.7 2.9 79.5 574.1 18.4 258.9 90.0 38.2 60.2 160.3 
318-U1356A-98R-5-0709 924.46 89.9 97.2 5.3 2.2 86.2 466.5 19.1 202.2 85.7 13.8 42.0 314.8 
318-U1356A-98R-5-2428 924.64 69.5 76.2 5.0 2.0 96.3 407.8 17.7 155.8 61.7 6.6 32.6 74.5 
318-U1356A-98R-5-3436 924.74 70.9 81.4 5.2 2.3 93.3 453.0 16.6 101.4 60.3 6.8 34.4 105.8 
318-U1356A-98R-5-4448 924.83 75.2 83.0 5.3 1.9 94.9 444.1 16.6 122.1 59.6 7.2 36.5 80.2 
318-U1356A-98R-5-5557 924.94 73.0 82.3 5.2 2.0 98.1 466.0 16.1 126.4 61.2 6.5 35.2 90.5 
318-U1356A-98R-5-5961 924.98 75.8 85.2 5.5 2.1 94.7 435.9 16.3 120.1 59.3 6.7 35.2 107.5 
318-U1356A-98R-5-7074 925.10 78.0 86.7 5.6 2.1 97.3 458.6 15.4 102.5 57.0 5.6 32.2 96.0 
318-U1356A-98R-5-8486 925.23 78.6 82.4 5.6 2.1 96.3 449.7 14.9 92.1 56.8 5.2 31.3 93.5 
318-U1356A-98R-5-9193 925.30 77.1 89.4 5.9 2.5 99.8 470.4 15.7 119.2 59.2 5.5 32.3 82.6 
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Sample Name Sample Depth (mbsf) 
Zn 
(ppm) 
Ga 
(ppm) 
Y 
(ppm) 
Nb 
(ppm) 
Ta 
(ppm) 
Zr 
(ppm) 
Hf 
(ppm) 
Mo 
(ppm) 
Sn 
(ppm) 
Tl 
(ppm) 
Pb 
(ppm) 
U 
(ppm) 
Th 
(ppm) 
318-U1356A-98R-1-1618 919.97 132.1 23.4 20.4 13.6 1.2 142.7 3.9 3.9 4.2 0.7 32.9 3.2 15.9 
318-U1356A-98R-1-3335 920.14 207.1 26.8 25.6 13.6 1.4 193.2 6.2 0.8 4.5 0.5 22.1 3.5 18.6 
318-U1356A-98R-1-6468 920.45 52.8 21.9 20.8 10.5 1.0 148.1 4.3 0.8 3.7 0.3 20.8 1.0 17.3 
318-U1356A-98R-1-7981 920.60 55.2 21.2 21.5 10.4 1.0 132.4 3.9 1.0 3.6 0.3 18.8 0.9 16.7 
318-U1356A-98R-1-105107 920.86 115.0 24.5 19.6 10.7 1.1 141.8 4.5 1.1 4.1 0.4 24.7 3.6 17.1 
318-U1356A-98R-2-0305 920.99 62.5 24.5 22.8 11.5 1.1 134.7 4.4 0.7 4.8 0.3 27.1 3.4 19.2 
318-U1356A-98R-2-1719 921.11 48.5 23.1 33.5 11.3 1.1 138.2 4.2 0.6 4.5 0.3 21.1 1.7 18.4 
318-U1356A-98R-2-2527 921.21 109.4 21.5 17.1 10.0 0.9 137.6 4.3 1.2 4.1 0.4 34.5 4.9 15.4 
318-U1356A-98R-2-3739 921.31 190.2 12.1 12.7 7.3 0.7 93.1 2.6 1.7 3.4 0.4 22.1 3.1 8.9 
318-U1356A-98R-2-5054 921.47 206.4 26.3 23.2 12.4 1.2 164.8 5.1 0.9 4.6 0.4 33.6 4.4 21.7 
318-U1356A-98R-2-6769 921.61 51.2 20.3 22.3 10.6 1.0 144.7 4.3 1.0 4.8 0.3 22.9 1.2 15.7 
318-U1356A-98R-2-7779 921.73 51.4 20.6 20.8 10.8 0.9 138.1 4.2 0.7 3.7 0.3 17.4 1.7 15.4 
318-U1356A-98R-2-8284 921.78 61.6 23.6 22.2 11.7 1.0 146.8 4.5 0.6 4.4 0.3 19.1 1.9 17.1 
318-U1356A-98R-2-9497 921.90 65.2 24.2 30.3 11.2 1.1 134.9 3.7 1.2 3.9 0.3 19.4 1.2 20.9 
318-U1356A-98R-2-106108 922.02 145.5 24.3 17.1 10.8 1.0 140.9 4.5 0.9 4.7 0.4 41.9 4.6 15.6 
318-U1356A-98R-2-113115 922.09 70.1 23.7 24.9 11.6 1.0 136.6 4.3 0.5 4.4 0.3 37.3 2.9 19.2 
318-U1356A-98R-2-126128 922.22 85.0 21.1 28.2 10.7 1.0 133.4 4.0 0.9 4.5 0.3 46.7 1.4 17.8 
318-U1356A-98R-3-0911 922.34 84.2 22.4 26.4 10.9 1.0 134.8 3.9 1.0 3.8 0.3 18.0 1.3 18.6 
318-U1356A-98R-3-1618 922.41 73.6 22.2 26.2 11.2 1.0 148.2 4.1 0.9 3.6 0.3 16.6 1.4 18.7 
318-U1356A-98R-3-2628 922.51 76.0 22.7 26.9 10.8 1.0 133.6 3.7 0.9 3.7 0.3 17.3 1.4 17.7 
318-U1356A-98R-3-3739 922.62 67.0 22.0 23.6 10.2 1.0 124.3 3.4 0.7 3.8 0.3 33.2 1.2 18.5 
318-U1356A-98R-3-4446 922.69 69.7 22.8 20.1 10.7 1.0 129.3 3.8 0.8 3.4 0.3 17.7 1.1 17.7 
318-U1356A-98R-3-5559 922.80 71.8 22.4 26.0 10.7 1.1 137.6 3.9 0.8 3.6 0.3 18.0 1.1 18.8 
318-U1356A-98R-3-6466 922.89 73.6 22.3 25.8 10.5 1.0 139.9 3.9 0.8 3.5 0.3 18.7 1.2 17.7 
318-U1356A-98R-3-7476 922.99 69.4 22.4 25.3 11.2 1.1 156.9 4.6 0.8 3.8 0.3 17.3 1.2 18.2 
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Sample Name Sample Depth  (mbsf) 
Zn 
(ppm) 
Ga 
(ppm) 
Y 
(ppm) 
Nb 
(ppm) 
Ta 
(ppm) 
Zr 
(ppm) 
Hf 
(ppm) 
Mo 
(ppm) 
Sn 
(ppm) 
Tl 
(ppm) 
Pb 
(ppm) 
U 
(ppm) 
Th 
(ppm) 
318-U1356A-98R-3-8688 923.11 70.9 24.2 30.4 11.5 1.2 147.3 4.1 0.7 4.1 0.3 27.2 1.2 20.4 
318-U1356A-98R-3-9294 923.17 68.5 23.2 25.4 11.0 1.1 147.7 4.1 1.1 4.3 0.3 15.6 1.0 17.9 
318-U1356A-98R-3-106109 923.31 69.0 23.9 29.4 11.1 1.0 148.4 4.1 0.8 4.0 0.3 17.4 1.1 20.6 
318-U1356A-98R-3-117119 923.42 70.4 22.6 28.1 11.5 1.0 151.1 4.1 0.7 3.8 0.3 16.7 1.1 19.5 
318-U1356A-98R-3-128130 923.53 66.9 22.8 29.7 11.4 1.1 138.0 3.8 0.9 3.7 0.3 24.7 1.2 18.5 
318-U1356A-98R-3-135137 923.60 64.9 23.3 31.0 11.5 1.0 146.7 4.0 1.0 3.5 0.3 38.6 1.0 18.5 
318-U1356A-98R-3-145147 923.70 84.6 24.4 33.6 12.1 1.1 139.0 4.1 0.7 3.9 0.3 45.7 2.3 20.6 
318-U1356A-98R-4-0407 923.77 58.4 23.9 36.4 10.9 1.1 123.6 3.6 0.9 4.4 0.3 41.4 1.4 20.8 
318-U1356A-98R-4-1517 923.89 64.7 22.3 28.1 11.2 1.1 141.2 4.4 0.8 4.3 0.3 17.4 1.5 18.4 
318-U1356A-98R-4-1719 923.91 60.7 22.5 29.4 11.3 1.0 138.3 3.9 0.8 4.0 0.3 19.0 1.4 18.3 
318-U1356A-98R-4-2529 924.00 69.3 22.2 25.8 10.6 1.0 127.3 3.6 0.9 3.5 0.3 15.8 1.0 17.1 
318-U1356A-98R-4-3234 924.06 63.1 21.4 28.0 10.9 1.0 126.8 3.8 0.8 4.0 0.3 16.4 1.4 17.5 
318-U1356A-98R-4-4247 924.16 79.2 24.0 27.5 11.8 1.1 146.3 4.1 0.7 4.4 0.4 23.3 1.3 19.2 
318-U1356A-98R-4-5557 924.29 69.8 21.6 27.4 10.7 1.0 136.1 3.9 0.8 3.8 0.3 16.3 1.3 16.8 
318-U1356A-98R-4-6365 924.37 163.6 23.3 23.0 11.4 1.0 145.1 4.3 0.9 4.8 0.3 34.8 4.0 16.2 
318-U1356A-98-R5-0005 924.41 87.8 25.9 23.3 12.8 1.2 156.0 4.5 1.3 4.7 0.5 96.8 14.0 19.3 
318-U1356A-98R-5-0709 924.46 142.9 24.9 25.6 12.1 1.1 166.7 4.8 1.4 4.3 0.4 115.4 12.7 19.8 
318-U1356A-98R-5-2428 924.64 61.1 24.1 33.3 10.8 1.1 122.1 3.4 0.6 3.6 0.3 20.2 1.1 19.9 
318-U1356A-98R-5-3436 924.74 70.4 22.8 30.8 10.9 1.2 126.3 3.6 0.7 4.1 0.3 20.0 1.1 19.4 
318-U1356A-98R-5-4448 924.83 68.5 23.5 29.8 11.6 1.1 138.2 3.9 0.7 4.2 0.3 24.5 1.1 19.5 
318-U1356A-98R-5-5557 924.94 66.6 24.5 27.0 11.7 1.0 130.8 3.4 0.8 4.1 0.3 22.1 1.1 21.1 
318-U1356A-98R-5-5961 924.98 72.7 23.5 27.3 11.5 1.1 130.8 3.6 0.7 3.9 0.3 23.3 1.2 20.0 
318-U1356A-98R-5-7074 925.10 72.1 23.8 29.3 12.1 1.1 135.2 3.7 0.8 4.1 0.3 21.4 1.1 19.8 
318-U1356A-98R-5-8486 925.23 70.5 24.8 31.9 11.3 1.0 115.6 3.2 0.7 4.0 0.3 20.3 1.3 20.5 
318-U1356A-98R-5-9193 925.30 72.2 25.3 31.3 12.3 1.1 130.4 3.5 0.8 4.4 0.3 22.3 1.3 20.2 
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2.5 Discussion 
 
2.5.1 Redox conditions 
 
Redox conditions within sediments and pore waters evolve with depth away from the 
sediment surface through a series of oxidant zones. Initially oxygen is still available 
generally in the upper few centimeters, but once this has been consumed, sequential 
utilization of available oxidants proceeds through the zones in order of highest free 
energy gain from nitrate and Mn-oxides, Fe-oxides, sulphate and methane (e.g., 
Wang and Van Cappellen, 1996; Canfield and Thamdrup, 2009; Scott and Lyons, 
2012). Nitrate reduction forms part of the suboxic regime overlapping with Mn and Fe 
reduction, and occupies a limited window in the redox process due to the low levels 
of dissolved nitrate available in seawater. Reduced species produced by the 
decomposition of organic matter in these zones are Mn2+, Fe2+ and NH4+. Typically, 
this zone is followed downcore by the sulphur zone, which represents a high level of 
anoxia within the sediments, where reduction of SO42- produces H2S. The final 
reaction in redox zones is methanogenesis, which only utilizes CO2 to produce CH4. 
In some settings, such as the modern Adélie Shelf (IODP Site U1357, Escutia, 
2011), this methanogenic zone is observed right at the seafloor, while in other 
settings the methanogenic zone is not even reached in a depth of 20m below 
seafloor (e.g. deep water IODP Site U1359, Escutia, 2011). Equally it is noted that 
pelagic red clays are oxidized even at depth in the deep ocean. In the following we 
will use the major and trace element data from the Eocene bulk sediments and fish 
teeth in core 98 at IODP Site U1356 to assess prevailing redox conditions, severity of 
anoxia affecting the sediments, and the occurrence of secondary diagenetic 
processes.  
 
Striking changes in color banding, such as those observed in core 98, have been 
linked in a number of other cases with the oxygenation state of the sediment in 
different marine environments (e.g., Giosan et al., 2002; Potter et al., 2004). In core 
98 the color banding can be traced using Fe and U contents (Figs. 2.1, 2.5: Table 
2.4), whereby green layers show higher U/Al ratios and red layers show higher 
concentrations in Fe. This anti-correlation can be explained by the corresponding 
behavior of the two elements. In suboxic to anoxic conditions, U becomes immobile 
and hence enriched in sediments, while reduced Fe is highly soluble in pore water. In 
general, ferrous iron and organic matter are the two main players responsible for 
darkened (more green) rock color under reducing environments (De Lange, 1998; 
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Abdul Aziz et al., 2003).  On contact with an oxidative front, the reduced and 
immobile U (IV) oxidizes to U (VI), which is highly soluble in pore waters. At the same 
time, the oxidative front leads to oxidation of dissolved Fe (II) from pore waters and 
precipitation as non-soluble Fe (III) increasing the Fe content in the sediments and 
changing the color from green to red (Klinkhammer et al., 1982; Barnes and 
Cochran, 1990; Mangini et al., 2001; Anderson and Raiswell, 2004). This general 
description seems to fit very well with the observed U and Fe concentrations and 
colours in core 98. 
 
Along the entire studied section (core 98) we found one single layer at 921.33mbsf 
with elevated Mo contents. Molybdenum only precipitates when dissolved sulphide 
(H2S) is present (Piper and Isaacs, 1996; Zheng et al., 2002), implying anoxic 
sediment conditions. Under suboxic regimes where nitrate reduction dominates, Mo 
is not precipitated within sediments. This evidence suggests that conditions within 
the core were dominantly suboxic, with over printing during reoxidation events at a 
later date leading to mobilization of U and precipitation of Fe. This interpretation of 
the green layers being the primary signature, and the red layers being secondary in 
nature are corroborated by careful evaluation of the core photos (Fig. 2.1; see also 
IODP LIMS database available online), which reveal diffuse boundaries between 
both colours as well as ‘relicts’ of green within the red layers. 
 
2.5.2 Trace elements in fish teeth 
By comparing fish tooth and bulk sediment trace element data, we can address the 
incorporation mechanism of elements into fish teeth, and the original depositional 
environment of the sediments. The enrichment of trace elements, such as Nd and Sr 
in fish teeth is understood to occur during crystallographic changes during the 
fossilization process (Shemesh, 1990). However much research has focused 
primarily on the REEs (e.g., 100 -1000ppm; Staudigel et al., 1985; Wright et al., 
1987; Martin et al., 1995), with less literature available on other elements. Sr 
concentrations for samples from this study are 1000-2000 ppm, and hence 
comparable to concentrations reported previously by Martin and Haley (2000) (Sr = 
1600 to 5000 ppm) and Laenen et al. (1997) (Sr = 2000 to 8000 ppm). Laenen et al. 
(1997) also report concentrations of 400 – 1000ppm for Ba, which is slightly lower 
than those recorded in this study (1500 – 2000ppm). The result we would like to 
focus on here however is the comparison of the redox sensitive elements U and Mo 
in sediments and fish teeth and debris (Fig. 2.3, 2.4). While the first order control on 
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U concentration in the sediments is the redox environment, as indicated by 
correlation with colour changes and Fe content (Fig. 2.2), this appears not to be the 
case for the fish teeth, where U concentrations are higher. Elevated levels of U in fish 
teeth similar to those observed in this study have been reported before (Toyoda and 
Tokonami, 1990; Gaft et al., 1996), and have been explained by substitution of U4+ 
into the crystal lattice for Ca2+ due to their similar ionic radii. Another explanation 
however may be the incorporation of U into organometallic compounds, the stability 
of which, is linked to the preservation of organic matter (McManus et al., 2005; 
Tribovillard et al., 2006).  
Along these lines, our preferred explanation for the observed deviation in trace metal 
concentrations in fish teeth and sediments is the presence of organic coatings on the 
fish teeth. Such a coating could be enriched in certain trace metals, such as U, which 
would be removed during reoxidation processes, either naturally (i.e., secondary 
diagenetic alteration as observed in our core), or through the oxidative-reductive 
cleaning procedure employed during sample processing (see section 2.3.1). 
Supporting evidence comes from comparing U concentrations in fish teeth in red and 
green layers, as well as in cleaned and uncleaned samples (Fig. 2.3 and Table 2.3). 
Green layers show generally elevated U (and Mo) contents over red layers (15 to 
46ppm vs 3 to 10ppm, omitting one sample from a red layer with elevated U 
concentrations). Furthermore, the comparison of U contents in oxidatively and 
reductively cleaned and uncleaned pairs of fish tooth samples from the green layers 
(samples U1356 98R-1-0811 and U1356 98R-2-5861; Table 2.3) reveals a decrease 
in U from >25 ppm to ~5 ppm. In contrast, cleaned and uncleaned pairs of fish teeth 
from a red layer (U1356 98R-3-100103) show no difference in U concentrations 
(~5ppm). The degree of enrichment of U within the uncleaned fish teeth in green 
layers compared to the sediment (Figure 2.4) suggests that these coatings - in 
addition to FeMn coatings - may be important carriers of certain trace metals in the 
oceans (e.g., Haley et al., 2004). The effect of such organic coatings on the REEs, in 
particular Nd, is discussed further in section 2.5.4. 
 
2.5.3 Incorporation and preservation of REEs in fish teeth 
 
Much of the recent work utilizing Nd isotopes in fish teeth as an ancient seawater 
archive is based on samples from open ocean locations, assuming that distal bottom 
waters record a representative seawater signal and thereby can inform about large 
scale ocean circulation patterns (e.g., Scher and Martin, 2004, 2008; Thomas et al., 
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2008; Robinson and Vance, 2012). Shelf sites however become increasingly 
interesting locations to study when moving back to Mesozoic settings, where 
epicontinental seas were far more widespread then today. While some studies have 
been conducted in such environments (Pucéat et al., 2004; Charbonnier et al., 2012; 
Moiroud et al., 2013), shelf environments can potentially also provide valuable 
insights for the study of oceanic gateways. In our particular case, IODP Site U1356 is 
located very favorably to monitor potential influx of Pacific waters into the Australo-
Antarctic Gulf upon the opening of the Tasman Gateway in the Eocene (Bijl et al., 
2013) (Fig. 2.1). As the major control on REE incorporation into fish teeth during 
diagenesis is the availability of REE within the pore water (Staudigel et al., 1985) a 
concern for the use of fish teeth as a seawater proxy in a shelf environment could be 
that the environmental conditions that lead to pronounced changes in sedimentary 
redox conditions (and hence potentially pore water geochemistry) compromise the 
authigenic nature of the REEs. However, a comparison of REE profiles extracted 
from fossil fish tooth with bulk sediment REE patterns in core 98 at IODP Site U1356 
shows that they are markedly different (Fig. 2.6). The fish tooth REE patterns show 
very similar patterns and concentrations to an average open ocean fish tooth REE 
pattern as reported by Martin et al. (2010) (Fig. 2.6). In contrast, the pattern reported 
for fish teeth from a Cretaceous shelf setting by Moiroud et al. (2013) shows a more 
pronounced depletion in light and heavy REEs (Fig. 2.6). What all profiles have in 
common (open ocean, shelf, samples from this study) is a mid-REE enrichment, 
arguing for a discrete source of REEs in fish teeth compared to bulk sediments. 
The shape of REE patterns derived from fossil fish teeth and debris, pore water, 
seawater and detrital (sediment) samples has been previously used to unravel REE 
sources and preservation state of material (e.g., Elderfield and Greaves, 1982; 
Elderfield and Sholkovitz, 1987; Elderfield et al., 1990; Reynard et al., 1999; Lacan 
and Jeandel, 2001; Haley et al., 2004; Lacan and Jeandel, 2004; Martin et al., 2010; 
Moiroud et al., 2013). In order to compare relative REE abundances in the various 
phases involved in forming fish teeth compositions we adapt the approach reported 
by Martin et al. (2010), where we compare HREE/LREE and MREE/MREE* values 
(HREE: sum of Tm, Yb, and Lu concentrations; LREE: sum of La, Pr, and Nd 
concentrations; MREE: sum of Gd, Tb, and Dy concentrations;  
MREE*:(HREE+LREE)/2; all concentrations normalised to PAAS, Taylor and 
McLennan, 1985) (Fig. 2.7). The resulting data form four distinct groups of REE 
patterns: bell shaped, MREE-bulge, HREE enriched, and flat patterns. Detrital REE 
data, including all samples analysed for this study, fall into the ‘flat’ profile grouping 
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indicating their shale-like composition. Modern seawater and pore waters are 
generally HREE enriched, while fish teeth from the Atlantic, Pacific, and Southern 
Oceans spanning Miocene to Eocene ages (Martin et al., 2010; this study) share a 
similar MREE-bulge shaped profile (e.g., Grandjean et al., 1988; this study; Martin 
and Scher, 2004; Scher et al., 2011), which seems to be controlled by crystal 
structure and the close fit for MREE substitution to the Ca2+ site (Wright et al., 1987). 
This group also includes a subset of pore water samples  (Haley et al., 2004) and 
hydroxylamine hydrochloride (HH) leachates, which are inferred past seawater 
signatures produced from the reductive extraction of dispersed Fe-Mn coatings from 
sediments (Gutjahr et al., 2007; Martin et al., 2010; Charbonnier et al., 2012), and 
the fish tooth REE profiles from this study. It is interesting to note that the pore water 
results from the Haley et al. (2004) study represent discrete layers within sediments 
that reveal elevated concentrations in dissolved Fe. Also HH leachates have an 
intrinsic association with Fe, as they represent the authigenic Fe and Mn oxide and 
hydroxide coatings, dispersed in sediments. This point will be discussed in more 
detail in the next section. 
Cretaceous fish teeth REE profiles (Moiroud et al., 2013) predominantly fall into the 
bell shaped category. The extent of mid-REE enrichment, or ‘bell shape’ of REE 
patterns has been used as an indicator of diagenetic overprinting (Reynard et al., 
1999). While Moiroud et al. (2013) suggested that their Cretaceous fish tooth 
samples (see Fig. 2.7) represent an upper limit on the MREE enrichment of a REE 
profile (MREE/MREE* = <4), which is still considered unaffected by overprinting, 
other studies have classified the bell shaped pattern as representative of secondary 
diagenesis (German and Elderfield, 1990; Shields and Stille, 2001). Regardless of 
where the boundary is drawn, the REE patterns of fish tooth samples from this study 
all fall clearly into the group of MREE-bulge patterns, indicating a pristine signature. 
Samples from both red and green lithologies show only weakly correlated 
MREE/MREE* ratios and Nd isotopic compositions, indicating that there is no clear 
link between reducing to oxidizing conditions recorded in the sediments and the Nd 
isotopic composition of fossil fish teeth extracted from these sediments (see also 
Figure 2.5).  
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2.5.4 Origin of fish tooth REE pattern 
From the above discussion it is obvious that fish tooth REE patterns do not resemble 
seawater or porewater REE patterns in shape or concentration, except for one case 
study, where pore waters with elevated Fe concentrations were analysed (Haley et 
	  	  
Figure 2.7: A compilation of REE data from this study and from literature representing modern 
studies utilising similar analytical techniques. HREE/LREE and MREE/MREE* values calculated 
using method from Martin et al., (2010) (see main text for further details). Pore water data: Haley et 
al. (2004). Seawater data: Lacan and Jeandel (2004) (Atlantic Ocean) and Zhang et al., (2008) 
(Indian Ocean). HH leachate data (extraction of authigenic coatings containing sea water record 
using sequential leaching techniques):  Gutjahr et al. (2007); Martin et al. (2010); Charbonnier et 
al. (2012). Deep water site fish tooth data: Martin et al. (2010) and Scher et al. (2011). Shelf setting 
fish tooth data: Charbonnier et al. (2012), Moiroud et al. (2013), and this study. Detrital data: this 
study; Gutjahr et al. (2007), Charbonnier et al. (2012), and Moiroud et al. (2013). Dashed circles 
denote REE pattern groupings with names. 
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al., 2004) (Fig. 2.7). Data in Table 2.3 show that Fe concentrations in fish teeth are 
less than 1% throughout the core. Hence the presence or absence of Fe is clearly 
not an important factor in fish tooth REE profiles. However, Haley et al. (2004) 
conclude that the MREE bulge pattern in porewater can be produced by release of 
REEs from solid Fe-oxides, and that this source is dominant where it occurs. Support 
for this suggestion comes from the observation in Figure 2.7, that leachate results 
from removing dispersed FeMn oxides from sediments produces a similar REE 
pattern to the fish tooth data.  
The sample set of cleaned and uncleaned fish teeth provides more insight into the 
relative roles of FeMn and organic coatings (discussed in section 2.5.2) and the fish 
tooth matrix on REE patterns. Figure 2.6 (upper panel) reveals that REE patterns of 
fish tooth samples extracted from both, red and green layers, show identical shapes 
before and after cleaning but different total REE abundances. There are a number of 
possibilities to explain this. Firstly, removal of FeMn-oxide or organic coatings around 
fossil fish teeth by reductive and oxidative cleaning could have been incomplete. This 
seems however unlikely as the procedure used is well established and has been 
tested and adapted (e.g., Martin and Haley, 2000) since its original publication by 
Boyle (1981). We furthermore do not observe particularly high Fe or Mn contents in 
uncleaned fish teeth (Table 2.3), and we do observe a considerable loss of REE after 
cleaning compared to uncleaned samples. A second possibility is that the coatings 
form such a minor part of the REE pool, that the signal is overwhelmed by the rest of 
the sample contained within the tooth matrix. Following this line of thought the 
decrease in REE concentrations from uncleaned to cleaned fish teeth would be due 
to the removal of actual tooth material, and only minor amounts of coating. Elderfield 
and Pagett (1986) concluded from a similar test that the high REE contents of fossil 
fish teeth, compared to the REE concentrations found in the coatings of foraminifera, 
imply that the latter is of minor importance in fish teeth. They attribute the similarity of 
the coating phase and the fossil fish tooth matrix REE profiles to the possible 
removal of tooth sample itself during the process of cleaning. Thirdly, FeMn oxide 
and organic coatings could make up the most substantial part of the REE budget, 
overprinting the original fish tooth signal. The observation that Cretaceous fish tooth 
REE profiles display different behavior to Cenozoic and younger age samples in 
Figure 2.7, may suggest that there is a limit to the robustness of this proxy, 
something that has been noted already in a study by Kocsis et al. (2010), while 
documenting the longer term diagenetic stability of fossil bones and apatite. Here the 
suggestion was made that in younger samples (<~50Ma) the effect of overprinting 
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may simply be swamped by the existing preserved signal, but that fossil bones and 
apatite were indeed not a closed system as is generally believed (Martin and Scher, 
2004; Thomas, 2004; Via and Thomas, 2006; MacFadden et al., 2007). This is in 
agreement with work done by Shields and Webb (2004) who conclude that the REE 
composition of the oceans has probably not changed over geological time and so 
changes in fish tooth REE patterns likely reflect diagenetic overprinting. However, 
Moiroud et al. (2013) assessed the extent of overprinting for Cretaceous fish teeth as 
low. A fourth option is that the original signal preserved by the fish tooth is that of 
pore water, so the coating and tooth REE patterns would be roughly similar 
regardless as demonstrated by leachate data. Interestingly, a larger amount of REE 
concentration is lost in the cleaned and uncleaned samples pairs of green layers (up 
to 30%) compared to the red layer (<5%), which may point to a more dominant effect 
of the organic coatings as carriers of REEs, as we would expect lower concentrations 
of FeMn coatings within suboxic sediment and porewater settings, and higher levels 
within oxic conditions. The discrepancy is resolved by invoking reoxidation of 
primarily suboxic sediments, releasing organic coatings (and therefore REEs and 
other trace metals; see section 2.5.2) in red layers.  
In summary, as the εNd values in the fish tooth samples are distinct from the sediment 
they were hosted in (Fig. 2.6), and as the REE patterns are similar to those of fish 
teeth from distal, deep water sites (Fig. 2.6) except importantly, for the Ce anomaly, 
preservation of the original REE pattern and Nd isotopic composition appears to be 
generally robust. The fish teeth preserve a pore water signal and the FeMn oxide and 
organic coatings, which are important carriers of REE, record the same signal and 
Nd isotopic composition. (Figure 2.6 and Table 2.1). 
 
2.5.5 Ce as a paleoredox indicator 
 
One interesting feature of the fish tooth REE patterns from IODP Site U1356, core 
98, is the consistently positive Ce anomaly (here described as the relative 
enrichment or depletion of PAAS normalized Ce to the neighbouring REEs 
Praseodymium (Pr) and Lanthanum (La)). Open ocean samples reported in Martin et 
al. (2010), typically show a negative Ce anomaly, as is observed in seawater (Figure 
2.6). Picard et al. (2002) suggested that the Ce anomaly may be controlled by the 
temperature of the seawater as warmer water may contain less oxygen and therefore 
less potential to oxidise Ce. This suggestion is relevant for our study, as Eocene 
temperatures were probably strongly elevated above modern ones (Pross et al., 
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2012; Bijl et al., 2013) and as shallow shelf sites are more easily warmed by solar 
radiation than open ocean sites. However, the relative warmth of deep oceans in the 
Eocene (up to 12°C; Zachos et al., 2008) coincident with negative Ce anomalies (e.g. 
Chapter 3) suggests temperature is not the controlling factor.  
 
Some studies have used the Ce anomaly to infer paleoredox conditions (Wright, 
1984; MacLeod and Irving, 1996), but there is no evidence for any systematic 
changes in the Ce anomaly of fish tooth samples from site U1356 between clearly 
oxidized and reduced layers of sediment. This lack of variation in Ce anomaly was 
also observed by Elderfield and Pagett (1986), in similar marine shelf environments. 
They pointed out that while overlying waters may be oxic on a shelf, reducing 
conditions may still prevail within the sediment column. Such a scenario would be 
supported by our data and the Cretaceous shelf site study of Moiroud et al. (2013), 
which also yielded positive Ce anomalies (Fig. 2.6). The Ce anomaly recorded by 
fish tooth samples from shelf sites may hence reflect redox conditions within the 
sediments (i.e. reducing) regardless of the oxidation state of the overlying water 
column and so, fish tooth Ce data will not reflect the true oxidation state of the 
seawater. Another possibility is that the Ce anomaly is actually being affected by the 
proximity of the site to the continent and hence terrigenous inputs. Dissolved Ce (and 
other REEs) may simply be present in the seawater in much higher concentrations in 
comparison to open ocean seawater, where Ce has long been scavenged resulting 
in the typical negative Ce anomaly observed in seawater.  
 
In summary, the abundant supply of dissolved Ce and the reducing conditions in the 
sediment column, are both feasible controls on the Ce anomaly. From the previous 
sections it is clear that changing redox conditions observed within the sediments are 
not reflected in the fish tooth matrix. In addition to this, the Ce anomaly remains 
present in both cleaned and uncleaned fish tooth samples (Figure 2.6, upper panel), 
pointing towards a primary porewater signature recorded during incorporation. 
 
2.5.6 Depositional setting 
 
In this last section we will discuss detrital input and return to the question already 
touched on in section 2.5.1, whether the identified redox changes within core 98 at 
IODP Site U1356 are primary, and therefore reflect a changing redox environment 
during sediment deposition, and/or secondary, and hence indicative of post-
depositional redox front migration.  
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La/Lu and Hf/Zr ratios are good indicators of source composition of lithogenic inputs 
(e.g., Piper and Calvert, 2009), and their relative constancy throughout the study 
section, (except for the anomalous sand and Ca-rich layers at 921.20 and 924.40 
mbsf respectively; Fig. 2.8, Table 2.4) implies no major changes in the detrital source 
being weathered, eroded and transported to IODP Site U1356 during this time in the 
Eocene. This interpretation is in agreement with constant detrital Nd isotopic 
compositions (εNd = -14.2 ±0.6), as changes in provenance would be expected to 
feature in the Nd isotopes as well. In the literature Ti/Ca ratios are often used as a 
proxy for clastic fluxes. In the case of the Eocene section of IODP Site U1356 
however, this approach will not work, as both Ti and Ca are of predominantly detrital 
origin (biogenic CaCO3 below detection limit for most of the core; Escutia, 2011). 
Hence, Ti/Ca ratios throughout core 98 (with the exception of the two anomalous 
layers) only vary between ~0.1 and 0.2. Relative stability in continental clastic fluxes 
is also implied by smear slide results indicating stable proportions of detrital to 
biogenic phases (Escutia, 2011). Instead we use a combination of Mg/Al, K/Al ratios 
and the chemical weathering index (CIA) (CIA = 
(Al2O3/(Al2O3+CaO*+Na2O+K2O)/100) where CaO* is the CaO incorporated in the 
silicate fraction of the rock, (Nesbitt and Young, 1982) (Fig. 2.8) to investigate 
changes in the weathering intensity on land. Mg/Al and K/Al, reflecting changes in 
fluvial input, have low ratios throughout the core (Mg/Al = 0.10 – 0.15 and K/Al = 0.1 
– 0.2) and exhibit only small variations. Similarly, CIA values remain consistently high 
(72 to 74), with the exception of the sand layer and Ca rich layers, indicating the 
dominance of clay weathering in arid and warm Eocene tropical weathering 
environments around 48 Ma (Passchier et al., 2013). What does however change 
between the green and red layers is the grain size of the sediment, as indicated in 
the lithological description (section 2.2) and by a correlation of Al/Si ratios with 
sediment colour (Fig. 2.8). Green layers are more sand-rich than red layers, which 
may indicate higher sedimentation rates potentially due to increased clastic fluxes 
from the nearby continent. Another explanation may be however that difference in 
the grain size and corresponding variations in porosity or organic matter content 
controlled reoxidation front advance identified in previous sections (Jung et al., 
1997). Detailed observation of the core point to the latter as green relict patches of 
sediments can be observed inside red layers. Consequently no obvious relationship 
can be established between detrital sediment flux and continental weathering 
conditions in the Wilkes Land area of Antarctica, and changing redox conditions on 
the shallow marine Eocene shelf in the Australo-Antarctic Gulf.  
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Figure 2.8: Environmentally sensitive trace element ratios and CIA (Chemical Index of Alteration; Nesbitt and Young, 1982). Colour coding as Fig. 2.2.	  	  
Claire Eva Huck, Ph.D Thesis, 2014 
	  	   56 
An interesting observation is however that fossil fish teeth occur in significantly 
higher concentrations (over 40 in some cases per 10cm3 of sediment) in samples 
from the red layers and that fish teeth abundance in the green layers is much lower 
(0 – 5 per 10cm3 of sediment), the latter being more representative of the fish tooth 
abundance at the site in general (Chapters 3 and 4). One explanation would be that 
the red layers are condensed sections that may represent more time for fish to live 
and die. Alternatively, fish abundance could have increased at times due to 
increased productivity. Unchanged Ba/Al ratios between red and green layers 
however argue against such an explanation.  
 
In summary, no clear link can be established between onshore changes in 
weathering and/or erosion and redox conditions on the shelf. The presence of green 
color relicts inside red layers and the enrichment of U and other trace elements 
content in green layers in addition to the positive Ce anomaly in fish teeth along the 
entire core, indicate that sediment deposition took place under suboxic to punctually 
anoxic conditions. Following this, these sediments underwent secondary reoxidation 
which promoted the classic organic matter burn down (Chaillou et al., 2008), Fe 
precipitation and change in color, from green to red. Overall, the most likely 
interpretation from this data is that the depositional environment was a suboxic shelf 
with stable input and weathering conditions on the nearby Antarctic continent. Color 
banding and corresponding redox conditions are hence a combination of both 
primary and secondary features. 
 
2.6 Conclusions 
 
Our study revealed that core 98 at IODP Site U1356 is characterized by alternating 
sediment layers reflecting oxic and reduced environmental conditions. We interpret 
the oxic layers to be the result of secondary alteration, potentially due to secondary 
diagenesis. Importantly, Nd isotopes in fossil fish teeth, taken from multiple layers of 
the core, appear to remain distinct from the composition of the sediment and effects 
of redox front migration, suggesting preservation of an original signature. REE 
patterns suggests that the fish teeth acquire their signature from the pore water of 
the sediment, which is an important factor in the interpretation of changing Nd 
isotopes in a shelf environment, where more processes affecting REE concentrations 
in pore water may operate. The comparison of cleaned and uncleaned fish tooth 
sample pairs with changing sediment colours allows us to infer the presence of 
organic coatings which appear to preserve the same REE signature and Nd isotopic 
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composition as the tooth matrix but may be removed by reoxidation processes. Major 
and trace element data in fish teeth warrant more investigation, in particular, 
regarding the role of organic coatings in high concentrations of redox sensitive trace 
metals like U.  
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Chapter 3 
 
Seawater neodymium isotope record 
of Antarctic climate instability during 
the termination of the Early Eocene 
Greenhouse 
 
 
 
The data in this chapter has been produced and interpreted in collaboration with T. 
van de Flierdt (Imperial College London, UK), S. Hammond (Open University, UK), S. 
Bohaty (University of Southampton, UK), and the Expedition 318 Scientists. 
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3.1 Introduction 
 
The Paleogene time period (65 to 23Ma) marked the transition from the warm 
Greenhouse climate of the Late Mesozoic to the colder Icehouse climate from the 
Oligocene onwards (Zachos et al., 2008). The warmest climatic conditions during the 
Paleogene occurred during the early Eocene, with deep ocean temperatures 
reaching 12°C (Zachos et al., 2001), high latitude sea surface temperatures (SST) of 
over 25°C (Bijl et al., 2009), and continental temperatures on Antarctica in excess of 
20°C in the summer, dropping to a minimum of 10°C during winter (Pross et al., 
2012). From the end of the Early Eocene Climatic Optimum (EECO) (~48 Ma), global 
temperatures declined until prevailing Greenhouse conditions ended abruptly at the 
Eocene/Oligocene transition (EOT) (~34 Ma), marked by continental-scale glaciation 
on Antarctica.	  Direct evidence for Antarctic glaciation comes from a pronounced drop 
in deep ocean temperatures (e.g., Zachos et al., 2001), sea surface temperatures 
(Liu et al., 2009), a deepening of the carbonate compensation depth (CCD) (Coxall et 
al., 2005), changing clay assemblages reflecting a switch from chemical to physical 
weathering on Antarctica, as well as the presence of ice rafted debris (IRD) (Zachos 
et al., 1992; Scher et al., 2011) and fossil evidence of fundamental assemblage 
reorganization of marine micro-organisms (Dunkley Jones et al., 2008; Houben et al., 
2013) in Southern Ocean sediments (Mackensen and Ehrmann, 1992). 
 
The relative roles of factors such as decreasing atmospheric CO2 and the opening of 
strategic Southern Ocean gateways (Drake Passage and Tasman Gateway; Fig. 3.1) 
leading to the thermal isolation of Antarctica in the switch between the greenhouse 
and icehouse worlds are still not fully understood (e.g., Sijp et al., 2009). 
Reconstructions of atmospheric CO2 in the Eocene and Oligocene show a decline 
from <1000ppm to between 700 – 600ppm after the EOT (Pagani et al., 2005; 2011), 
and modeling studies have argued for a causal link between atmospheric CO2 
decline and the onset of continental-scale Antarctic glaciation (e.g., DeConto and 
Pollard, 2003; Sijp et al., 2011). The work by Sijp et al. (2009; 2011) however 
furthermore highlights that the full development of the Antarctic Circumpolar Current 
(ACC), which was only possible after opening the Drake Passage and the Tasman 
Gateway, may have played a vital role in the decline of deep ocean temperatures, by 
cooling of isolated proximal Antarctic surface waters. According to Sijp et al. (2011) 
this modelled change in deep-ocean and SST is however, not enough to induce 
glaciation. In addition, if the Drake Passage remains closed around the EOT, even a 
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deep opening of the Tasman Gateway only cools the deep ocean by <1°C, 
highlighting the relatively small contribution of the opening of a single gateway in 
comparison to both. While the Tasman Gateway deepened between ~35.5 and 
30.2Ma (Lawver and Gahagan, 2003; Stickley et al., 2004), estimates for the Drake 
Passage range from mid-Eocene (Scher and Martin, 2004; Eagles et al., 2005) to 
Miocene (Barker and Burrell, 1977) for a complete, deep opening, making it hard to 
closely link large scale tectonic changes to the rapid change of deep sea 
temperatures over the EOT. To deconvolve the contributions of changes in gateway 
geometry/deep water circulation vs CO2 decline, focus has shifted towards a better 
understanding of the Eocene warmth (i.e. Early Eocene climatic optimum, EECO, 
~52Ma – 49Ma) and subsequent cooling into the Oligocene. For example, a 
significant cooling following the EECO was observed in both terrestrial and marine 
temperature records based on MBT/CBT, TEX86 and pollen analyses from Southern 
Ocean sediment cores (Pross et al., 2012; Bijl et al., 2013a).  
 
Here, we build on this previously published work by providing new evidence for water 
mass distribution and circulation patterns in the Southern Ocean Tasman gateway 
area during the Eocene to Oligocene Epochs, using the neodymium (Nd) isotopic 
composition of ancient seawater extracted from fossil fish teeth and bone debris from 
seven different IODP (Integrated Ocean Drilling Program), ODP (Ocean Drilling 
Program) and DSDP (Deep Sea Drilling Project) sites. Neodymium is transferred to 
the oceans from the weathering of surrounding continents (e.g., Piepgras and 
Wasserburg, 1980; Goldstein and O'Nions, 1981; Frank, 2002) and transport via 
rivers and aeolian flux. There is also increasing evidence that thec exchange of Nd 
between sediments and seawater plays a role in the final composition of water 
masses (Lacan and Jeandel, 2005; Wilson et al., 2013). Geological heterogeneity in 
deep water formation areas leaves distinct Nd isotope imprints on the composition of 
the water mass formed, which can be traced spatially due to the short residence time 
of Nd in the seawater (~400yrs-1000yrs; Tachikawa et al., 2003). Fish teeth are 
considered one of the most robust archives for preserving the Nd isotopic 
composition of past seawater over millions of years, resistant to overprinting during 
later diagenesis regardless of sediment type, rate of burial, or changing 
concentrations of Nd down core (Bernat, 1975; Wright, 1984; Staudigel et al., 1985; 
Elderfield and Pagett, 1986; Reynard et al., 1999; Martin and Haley, 2000; Martin 
and Scher, 2004). Neodymium is incorporated into the teeth from the surrounding 
seawater during the fossilization process at the seawater-sediment interface (Shaw 
and Wasserburg, 1985; Martin et al., 1995) at much higher concentrations (ppm) 
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than are present during the life of the fish (ppt levels of Nd). To assess the integrity of 
the Nd isotope seawater signal we utilized the rare earth element (REE) patterns of 
fossil fish tooth samples. 
 
Our new results provide no supporting evidence for a shallow opening of the Tasman 
gateway with the termination of the EECO. Instead they rather constitute the first 
multi-site evidence of a large scale perturbation to the hydrological cycle causing 
increased erosional run-off from the Antarctic continent during this time. In addition 
we provide a new catalogue of Eocene seawater Nd isotope end members in the 
Southern Ocean. These data support the existence of deep and bottom water 
formation in the Ross Sea and Adélie Coast continental shelf areas, during at least 
parts of the Paleogene. 
 
3.2 Study Sites, Samples and Age Models 
 
The central site to this study is IODP Site U1356, offshore Antarctica, which was 
sampled over the recovered early and middle Eocene sections, and for the early to 
middle Oligocene, to investigate the long-term environmental record at this location. 
Six additional sites from the area to the east (ODP Sites 1171, 1172 and DSDP Site 
277) and west (ODP Sites 738, 757 and DSDP Site 264) of the Tasman Gateway 
were chosen to complement the early and middle Eocene seawater record at Site 
U1356, to create a regional picture of water mass distributions.  
 
3.2.1 Shallow water sites in the Eocene (shelf) 
 
Wilkes Land – IODP Site U1356 
 
Integrated Ocean Drilling Program Expedition 318 to Wilkes Land, Antarctica, 
recovered a discontinuous shallow to deep marine Eocene-Oligocene section 
(Escutia, 2011) from offshore Adélie Land (63°18′S and 135°59′E; Fig. 3.1), which 
offers a unique perspective on the development of ocean circulation patterns in this 
key region of the Southern Ocean. During the Eocene, Site U1356 was situated 
within the Australo-Antarctic Gulf (AAG) on the Antarctic shelf (~300 to 400m water 
depth) to the west of the Tasman Gateway and experienced progressive deepening 
(>1000m water depth) into the Oligocene (Escutia, 2011). The site is today located in 
~4000m water depth downslope from an area of active bottom water production on 
the Adélie shelf (Rintoul, 1998). 
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Over 1000m of sediments were recovered at this site, with the lowermost 110m 
consisting of an early to middle Eocene section, overlain by a further 400m of 
Oligocene sediments.  The Eocene to Oligocene record is interrupted by two large 
hiatus from ~51 to ~49 Ma and from ~46 to ~33.6 Ma. The age model (Tauxe et al., 
2012) is based on magnetostratigraphy, updated to the GTS2012 calibration, and 
dinocyst and nannofossil biostratigraphy, updated using dinocyst data from Bijl et al. 
(2013b). For the remainder of the chapter we will refer to the three key sections we 
will discuss as the early Eocene (~54 to 51.5 Ma), mid-Eocene (~49 to 46 Ma) and 
Oligocene (~33.5 to 25 Ma). Early to mid-Eocene sediments consist mainly of heavily 
bioturbated silty claystones and claystones, with occasional interbedded sandstones 
and conglomerates found in the mid-Eocene section. The Eocene environment was 
likely a shallow marine shelf with influence from gravity flows potentially during 
deepening events toward the end of the mid-Eocene section (Escutia, 2011). 
Oligocene sediments are dominated by green and brown claystones, carbonate 
bearing claystones, occasional micritic limestone layers, and sandstones. The 
depositional environment is interpreted as a hemipelagic to pelagic setting. A set of 
30 samples between 998.73 and 633.47mbsf mbsf (54.1 to 25.2 Ma) yielded enough 
fish tooth material for analysis, and 18 samples between 997.55 and 910.77mbsf 
(53.9 to 47.6 Ma) were processed for bulk sediment analysis (Table 3.1). 
 
ODP Sites 1171 and 1172 
 
ODP Sites 1171 and 1172 were drilled as part of Leg 189 on the Tasman Plateau 
currently located at 48°29′S and 149°6′E and 43°57′S and 149°55′E respectively. 
Fossil fish tooth material was picked from ten samples between 912.85 and 565.52 
mbsf at Site 1171, and seven samples between 597.60 and 536.36mbsf at Site 1172. 
In addition, four samples between 674.04 and 587.30 mbsf were analysed for their 
bulk sediment composition at Site 1171 only. Site 1171 is today situated in ~2200m 
water depth on the southern part of the South Tasman Rise. Site 1172 is located on 
the western side of the East Tasman Plateau, at a water depth of ~2600m (Fig. 3.1). 
Both sites were drilled to Paleogene age (and further to Cretaceous strata at Site 
1172) and Eocene sediments are dominated by claystones and silty claystones. Both 
sites were very shallow (~50 to 200m water depth) during the early to mid-Eocene 
(Exon, 2001). Age models used for these sites are the most recent versions 
consisting of magnetostratigraphy calibrated to GTS2012 and dinocyst 
biostratigraphy from Bijl et al. (2013b). 
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3.2.2 Deep water sites in the Eocene (open ocean) 
 
ODP Sites 757 and 738, DSDP Sites 277 and 264 
 
All open ocean sites investigated are dominated by calcareous nannofossil ooze 
during the Eocene time interval. For the purpose of age models, magnetostratigraphy 
was calibrated to the GTS2012 timescale and - unless stated - biostratigraphy was 
adjusted to the ages outlined in Huber and Quillévéré (2005).  
 
ODP Site 757 was drilled during Leg 121 (Pierce, 1989) and is located at 17°01′S 
and 88°10′E in ~1700m water depth on Ninetyeast Ridge in the Indian Ocean. During 
the early Eocene, water depths varied dramatically increasing from 100m in the late 
Paleocene to ~1500m by the early to mid Eocene section of the core (~50Ma 
onwards) (Pierce, 1989). Fossil fish tooth and debris picked from four samples 
between 151.6mbsf and 184.89 mbsf (~43.9 to 49.5Ma) were analysed for Nd 
isotopic compositions. The age model for this part of the core is based on 
biostratigraphy only with one datum from Scher and Martin (2006) at 141.12mbsf 
based on strontium isotope chemostratigraphy (43.7Ma).  
 
Site 738 was drilled during ODP Leg 119 (Barron, 1988), and is located at 62°42′S 
and 82°47′E on the Kerguelen Plateau in the Southern Ocean in ~2200m water 
depth, which is similar to the estimated water depths during the Eocene. The age 
model for the early Eocene is based on original shipboard biostratigraphy, updated 
using data from Bohaty et al. (2009) and six samples were picked for fossil fish tooth 
material between 140.20mbsf and 254.40mbsf (~43.8 to 48.4 Ma).  
 
DSDP Site 277 was drilled during Leg 29 (Kennett, 1973) and is located at 52°13′S 
and 166°11′E on the Southern Campbell Plateau in the Southern Ocean in ~1200m 
water depth. Assemblage data suggests that this site has remained in a similar open 
marine environment throughout its depositional history. Six samples were selected 
for the analysis of the Nd isotopic composition of fossil fish tooth and debris between 
389.20mbsf and 437.65mbsf (~47.3 to 53.3Ma). The age model is based on 
biostratigraphic data from the original shipboard report (Kennett, 1973).  
 
DSDP Site 264 was drilled during Leg 28 (Hayes, 1972) and is located at 34°58′S 
and 112°02′E on the southern edge of the Naturaliste Plateau to the west of Australia 
in ~3000m water depth. The age model is based on two biostratigraphic datums 
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reported in the shipboard report and three samples between 148.20mbsf and 
156.35mbsf (~50 to 52Ma) were picked and analysed. Little work has been done on 
samples from this site, and ages from Site 264 should be considered as rough 
estimates only. 
 
 
 
3.3 Methodology 
 
3.3.1 Authigenic Nd isotopes 
 
Fish teeth and bone debris were hand-picked from the >63µm fraction of 10 – 40cm3 
of sieved sediment and cleaned using ultrapure water and methanol following the 
simple cleaning method described in Martin and Haley (2000) to remove any detrital 
	  	  
Figure 3.1: Location of IODP/ODP/DSDP sites used for this study on 45Ma tectonic 
reconstruction. Circles denote intermediate/deep sites (>1500m) and squares denote 
shallow shelf sites (<300m). Major Southern Ocean gateways are outlined with dashed 
lines. White outlined areas represent submerged plateaus; KP = Kerguelen Plateau, NER 
= Nintyeast Ridge, NP = Naturaliste Plateau, CP = Campbell Plateau, LHR = Lord Howe 
Rise. Reconstruction made using odsn.de.	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debris. In order to test whether a full oxidative-reductive cleaning protocol was 
necessary, at least two samples each from IODP Site 1356, ODP Site 1171 and 
1172 were selected to reflect a range of ages, different lithologies and paleo-water 
depths and split in two, with one half being subjected to a full oxidative-reductive 
cleaning protocol to remove Fe-Mn oxyhydroxide coatings using the (method 
adapted from Boyle and Keigwin (1987)) and the other half being exposed to the 
simple cleaning method only. These samples are referred to as cleaned and 
uncleaned respectively hereafter (Table 3.1). All samples were dissolved in 2M HCl 
and dried down. Samples were then converted to nitrate, taken up in 1ml 1M HNO3 
and a 10% aliquot was removed from each sample. This was dried down and used 
for REE analysis at the Open University (see Section 3.3.3). A standard two-stage 
ion chromatography procedure was used to purify the remaining sample solution, 
which first isolated the REEs from the sample matrix using TRU Spec resin (100-
120µm bead size) and then separated Nd from the other REE’s with Ln-Spec resin 
(50-100µm bead size) (modified after Pin and Zalduegui (1997)). Neodymium isotope 
ratios were measured on a Nu Plasma MC-ICP-MS at Imperial College London in 
static mode. Instrumental mass bias was corrected for using a 146Nd/144Nd ratio of 
0.7219. Samarium interference can be adequately corrected if the 144Sm signal 
contributes less than 0.1% of the 144Nd signal. The Sm contribution in all our samples 
was well below this level. Chemistry blanks were consistently below 10pg Nd.  
Replicate analyses of the Nd standard JNdi yielded 143Nd/144Nd ratios from 0.511965 
± 0.000016 to 0.512251 ± 0.000015 (2σ, n=249) dependent on daily running 
conditions over 29 months (Table 3.1b). The external reproducibility of our chemistry 
and mass spectrometry procedure was monitored using a fossil bone composite 
standard, provided by Clive Trueman, Southampton University, yielding a 143Nd/144Nd 
ratio of 0.512377 ± 0.000014 (2σ, n=8), which agrees within error with values 
published by Chavagnac et al. (2007) and Scher and Delaney (2010). The fossil 
bone standard was processed in a slightly different way to our fish teeth samples, 
following the method described in Chavagnac et al. (2007). Briefly, 50µg of material 
was digested in 3M HNO3 at 130°C for 24 hours, and all supernatant removed, dried 
down and converted to chloride form. Any residue was then treated using a 3:1 
mixture of 27M HF and 15M HNO3 on the hotplate at 130°C for up to a further 48 
hours. This was then dried down, converted to chloride form and recombined with the 
supernatant cut before the same chemistry procedure described above was followed. 
To correct for the decay of 147Sm to 144Nd within the fish teeth over time we use rare 
earth element concentrations obtained from at least one sample at every site (Table 
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3.1a). Derived 147Sm/144Nd ratios of between 0.124 and 0.174 are consistent with 
values reported in other studies spanning the Cretaceous to Miocene, using fossil 
fish tooth material (Thomas et al., 2003; Martin and Scher, 2006; Moiroud et al., 
2013). We applied a site-specific average value of our measurements (147Sm/144Nd = 
between 0.128 and 0.153) to all remaining samples, which were not directly 
measured. We note here that the time correction was not applied to Oligocene aged 
samples at Site U1356. All results are reported in Table 3.1a and 3.1b. 
 
3.3.2 Detrital Nd isotopes 
 
Between 0.5g and 1.0g of sediment from IODP Site 1356 and ODP Site 1171 was 
completely homogenized using a pestle and mortar before ~100mg of sample was 
weighed into an acid cleaned beaker. Authigenic phases such as carbonate and opal 
were not removed before digestion as samples were dominantly terrigenous in 
composition at these sites (<97%; Escutia, 2011). Samples were digested using a 
mixture of 0.5 ml 20M HClO4, 1ml 15M HNO3 and 3ml 27M HF, converted to nitrate 
form, and processed using the same column chemistry and mass spectrometry as 
outlined above. Replicate analyses of the Nd standard JNdi yielded 143Nd/144Nd ratios 
of between 0.512212 ± 0.000015 and 0.511937 ± 0.000015 (2σ, n=67) over 29 
months.  External reproducibility of the method was monitored using USGS rock 
standards BCR-1 and BCR-2, which yielded rations of between 0.512651 ± 0.000014 
and 0.512655 ± 0.000022, and 0.512632 ± 0.000016 to 0.512649 ± 0.000016 
respectively, which are identical within error to the ratios published by Weis et al. 
(2006) (BCR-1: 0.512646±16; BCR-2: 0.512638±15). 
 
3.3.3 REE patterns of fish tooth samples 
 
A 10% sample aliquot was diluted to 1ml in 2% HNO3. Trace element concentrations 
were determined by ICP-MS (Agilent 7500s) at the Open University. The instrument 
is fitted with a standard quartz spray chamber and a PFA. Samples were aspirated at 
approximately 250µl min-1 with count rates of the order of 5 - 8 x 107cps/ppm. Oxide 
interferences were kept low at 0.3% CeO+/Ce+ and doubly charged species at 0.8% 
(Ce++/Ce+). Analyses were standardised against seven synthetic reference materials 
that were measured at the beginning and end of each analytical run.  Reference 
materials were made from Plasma Grade standards (Alfa Aesar and Agilent 
technologies), and values were selected on the basis of their similarity to the 
samples to be analysed.  In addition one synthetic reference material (5 ppb 
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standard) was analysed as an 'unknown' sample every 5 or 6 samples, together with 
one reagent blank (2% HNO3), in order to monitor instrumental drift and to assess the 
external reproducibility of the data. Detection limits for elements with atomic masses 
greater than 85 are usually <10ppt in solution but they are somewhat higher for 
lighter elements (10-100ppt in solution). Precision is also routinely better than ± 2% 
for elements heavier than Rb (where concentrations exceed 0.5 ppm) and 2-4% for 
elements lighter than Rb. All results are reported in Table 3.2. 
 
3.4 Results  
 
3.4.1 Authigenic and detrital Nd 
 
IODP Site U1356 – Wilkes Land  
Results for authigenic Nd isotopes from 30 samples at IODP Site U1356 span a 
range of ~3 epsilon units (εNd = -9.6 to -12.4), where εNd describes the deviation of 
the 143Nd/144Nd ratio measured in a sample from that of the chondritic uniform 
reservoir (CHUR) in parts per 10,000 (DePaolo and Wasserburg, 1976). The 
investigated sections span from the early Eocene (~54 to 51.5 Ma), to the mid-
Eocene (~49 to 48 Ma) and the Oligocene (~33.5 to 25 Ma), with the most negative 
values occurring during the mid-Eocene) (Figure 3.2A, Table 3.1a and 3.1b). The 
early Eocene section has an average value of -10.7 but shows an excursion to a 
more negative value of -11.6 at ~52.4 Ma and an excursion to less negative values  
(-9.6) at 53Ma. During the mid-Eocene interval, a sharp negative excursion to a 
minimum value of -12.4 is observed, followed by a return to values around -11.5. 
During the Oligocene, values vary on the order of 1 epsilon unit between -10.2 and    
-11.2 with an average value of -10.6, very similar to the early Eocene average value. 
 
Eighteen sediment samples across the early to mid-Eocene section (~47 – 53 Ma) at 
Site U1356 span a narrow range of ~1.5 epsilon units from -13.1 to -14.8. The most 
negative values are found within the mid-Eocene section (average value of -14.3), in 
comparison to the early Eocene results, which are slightly more radiogenic (average 
value of -13.6). The composition of the sediment remains isotopically distinct from 
the authigenic results throughout the core. 
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Shallow Water Sites 
 
ODP Site 1171 – South Tasman Rise 
Neodymium isotopes extracted from fossil fish teeth and debris yield significantly 
more radiogenic Nd isotopic compositions at ODP Site 1171, compared to IODP Site 
U1356. The results span a range of ~3.5 epsilon Nd units from -5.3 to -8.9 between 
early to mid-Eocene aged samples (~47 to 52Ma; n = 11) (Figure 3.2A, Table 3.1a 
and 3.1b). Most of the record however shows a smaller range in authigenic Nd 
isotopic compositions (-5.3 to -6.8), punctuated by two negative excursions to 
minimum values of -8.9 at ~48.6 Ma, and -8.2 at ~48.4 Ma. 
 
Four sediment samples were analysed for their Nd isotopic composition from the 
section between ~47.5 and 49 Ma and show an invariable composition (εNd = -9.3 to  
-9.8), in contrast to the large amplitude variations observed in fish tooth samples over 
the same time interval at the same location. As for Site U1356, the detrital 
composition is less radiogenic than the authigenic signature. 
 
ODP Site 1172 – East Tasman Plateau 
Authigenic Nd isotopes from seven fish tooth and debris samples at ODP Site 1172 
reveal a similar baseline value of -5.7 to -6.5 to ODP Site 1171 for the time interval 
~54 to ~47 Ma (Figure 3.2A, Table 3.1a and 3.1b). Overall the fish teeth and debris 
results span a range of ~2 epsilon Nd units between -5.7 and -7.9, with the most 
negative value of -7.9 being reached at ~50Ma. In contrast to the excursions 
described at Sites U1356 and 1171, the nature of the authigenic Nd isotope 
excursion at Site 1172 is not very well constrained, as the sampling resolution for the 
oldest part of the record is very low (1 sample /Ma). 
 
Deep Water Sites 
 
ODP Site 738 – Kerguelen Plateau, Southern Ocean (Indian Sector) 
Six fish tooth and debris samples from the early to mid-Eocene section (~44 to 52 
Ma) at ODP Site 738 were analysed for their Nd isotopic compositions. Resulting 
time-corrected εNd values are intermediate between the results described so far (i.e. 
mostly lower than at Sites 1171 and 1172, but higher than at Site U1356). The low 
resolution record does not show a lot of variability, with the most negative value of     
-10.7 occurring around 48.5 Ma, and a gradual increase to a value of -8.8 Ma 
thereafter until ~44 Ma. 
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ODP Site 757 – Ninetyeast Ridge, Indian Ocean 
Authigenic Nd isotopes at ODP Site 757 yield slightly higher absolute values (εNd =      
-7.8 to -9.8) than at ODP Site 738 for the time interval from ~50 to ~44 Ma, but a 
similar variability of ~2 epsilon units (Fig. 3.2B, Table 3.1a and 3.1b). The minimum 
value of -9.8 is reached around 50Ma and the composition becomes gradually more 
positive thereafter.  
 
DSDP Site 277 – Chatham Rise, Southern Ocean (Pacific Sector) 
Neodymium isotopes span a range of ~2.5 epsilon Nd units, from -7.3 to -9.7, for 
samples with early to mid-Eocene ages (~47 to 53 Ma) (Fig. 3.2B, Table 3.1a and 
3.1b). The most negative value of -9.7 is reached at ~49 Ma but the sample 
resolution is too low to constrain the nature of this excursion in any detail. The 
minimum value of -7.3 observed ~53 Ma is the most radiogenic Nd isotopic 
composition observed at any of the Eocene open ocean deep-water sites 
investigated here. 
 
DSDP Site 264 – Western Australia, Indian Ocean 
Only three samples were analysed for their Nd isotopic composition at DSDP Site 
264 for the time period ~50 to 52 Ma (early Eocene). The results indicate a rather 
homogenous water composition during this time off SW Australia with εNd values of    
-9.1 and -9.6 (Fig. 3.2B, Table 3.1a and 3.1b). 
 
Summary 
In summary, the Nd isotopic composition of seawater in the area around the Tasman 
Gateway (Southern Ocean and Southern Indian and Pacific Oceans) in the Eocene 
shows markedly different patterns between continent-proximal, shallow-water sites 
(U1356, 1171, 1172), and deep water sites situated in open ocean settings (738, 
757, 277, 264). Shallow water sites reveal a large range in their Nd isotopic 
compositions, with absolute values covering seven epsilon units (-5.3 to -12.4). 
Lower values are found off the Adélie Coast (IODP Site U1356) and higher values 
are associated with the more easterly margins of East Antarctica and Tasmania 
(Sites 1171 and 1172). Sites U1356 and 1171 also display large (>2 epsilon units), 
abrupt excursions to their most negative values (-12.4 and -8.9 respectively) at the 
same time during the middle Eocene (48 to 49 Ma).  In contrast, deep water sites 
(ODP Sites 738, 757 and DSDP Sites 277 and 264) display a more narrow range of 
Nd isotopic compositions throughout the Eocene of between -7.3 and -10.7, with an 
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average value of -9.0. All processed cleaned and uncleaned sample splits produced 
the same Nd isotopic composition within error (Table 3.1a). 
 
 
 
3.4.2 REE patterns 
 
Rare earth element data from fish tooth samples were normalized to Post Archean 
Average Shale (PAAS; Taylor and McLennan, 1985) and are displayed in Figure 3.3 
(uncleaned samples only) and reported in Table 3.2. 
 
	  	  
Figure 3.2: Panel A - Neodymium isotopic composition of fossil fish tooth and debris (squares) and 
sediments (diamonds) for shallow to deep water site U1356 (Eocene to Oligocene) and shallow 
water sites 1171 and 1172 (early to mid-Eocene). Panel B – Neodymium isotopic composition of 
fossil fish teeth and debris from intermediate/deep water sites (circles; open ocean) in the early to 
mid-Eocene only. Paleodepths for all sites are given in the legend.	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IODP Site U1356 (Panel B) 
34 samples from the Eocene to Oligocene section at IODP Site U1356 were 
analysed for REE patterns, yielding two distinct groups. Early to mid-Eocene 
samples (light green and gray colours in Figure 3.3B) are mid-REE enriched and 
show a positive Ce anomaly, defined as the enrichment or depletion of Ce relative to 
the neighboring REEs Pr and La. Samples from the Oligocene section of the core 
(dark green colour in Fig. 3.3B) are more enriched in REE than the Eocene samples 
and show a smaller positive Ce anomaly. One sample from the Oligocene section 
(318-U1356-95R-2-5559) has a profile which falls within the Eocene range in both 
concentration and profile shape. A recent study by Houben et al. (2013) identified 
sections within Oligocene cores 95R to 93R at U1356 that contained dinoflagellate 
species and clay assemblages, which had been observed together in the Eocene 
and interpret this as evidence of reworking. We conclude that the Eocene-type REE 
profile in Oligocene-aged sample 318-U1356-95R-2-5559 reflects this process, which 
may affect other samples within the specified cores. 
 
Other Shallow Water Sites (ODP Sites 1171 and 1172) (Panel A) 
Two samples were analysed for each of the two sites, 1171 and 1172, for their REE 
patterns (Figure 3.3A). All results show enrichment in mid-REEs and a small positive 
Ce anomaly, typical of sites that were recovered in proximal locations to a continent 
(e.g. shelf sites). Interestingly, at both sites, the younger samples (189-1171-42R-3-
5054: 48.6Ma; 189-1172-8R-1-55.559.5: 46.9Ma) have a larger positive Ce anomaly 
than the older samples. Cleaned (not shown in Figure 3.3) and uncleaned samples 
have the same profile shape, with cleaned samples having consistently lower 
concentrations (see Chapter 2 for full discussion). 
 
Deep Water Sites (ODP 738, DSDP 264, ODP 738, ODP 757) (Panel C) 
The REE patterns from the deep water sites are distinctive from those of shallow 
water locations described above (Figure 3.3C). Samples from ODP Site 757, DSDP 
Sites 277, DSDP Site 264, and ODP Site 738 yielded REE patterns with a 
pronounced negative Ce anomaly and a positive Y anomaly. Such patterns, as well 
as low overall REE concentrations, are diagnostic of seawater origin (e.g., German 
and Elderfield, 1990; Scher et al., 2011). 
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Figure 3.3: Rare earth element (REE) patterns normalised to PAAS (Taylor and McLennan, 1985) 
for (A) shallow water sites 1171 (red) and 1172 (yellow), (B) Wilkes Land Site U1356 early Eocene 
(light green, ~300m water depth), mid-Eocene (gray, ~300m water depth) and Oligocene (dark 
green, up to 1000m water depth), and (C) deep water sites 757 (purple), 738 (light blue), 264 
(orange) and 277 (dark blue). Colour coding follows the colour for site locations in Figure 3.1.	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Table 3.1a: Neodymium isotopic composition of fish tooth and sediment samples 
   a) b) c) d) e) f) 
Sample Name Sample Depth (mbsf) 
Age (Ma)  
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
Fish Teeth         
Site U1356A         
318-U1356A-67R-2-27316 633.47 25.15 0.512105 0.000016 -10.4 0.3 0.137 -10.2 
318-U1356A-72R-3-60648 680.00 26.01 0.512087 0.000014 -10.7 0.3 0.153 -10.6 
318-U1356A-78R-5-50546 743.00 28.23 0.512053 0.000014 -11.4 0.3 0.124 -11.2 
318-U1356A-85R-1-67726 805.37 30.73 0.512075 0.000014 -11.0 0.3 0.135 -10.7 
318-U1356A-93R-3-70745 879.72 33.20 0.512053 0.000038 -11.4 0.2 0.153 -11.2 
318-U1356A-94R-1-55598 881.95 33.25 0.512103 0.000018 -10.4 0.3 0.151 -10.2 
318-U1356A-94R-3-55599 883.40 33.28 0.512093 0.000012 -10.6 0.3 0.161 -10.5 
318-U1356A-95R-2-1001049 893.48 33.51 0.512083 0.000018 -10.8 0.3 0.155 -10.7 
318-U1356A-98R-1-0811/111 919.90 47.96 0.512049 0.000010 -11.5 0.2 0.155 -11.2 
318-U1356A-98R-1-0811/212 919.90 47.96 0.512035 0.000012 -11.8 0.3 0.155 -11.5 
318-U1356A-98R-1-414411 920.24 47.98 0.512049 0.000010 -11.5 0.2 0.162 -11.3 
318-U1356A-98R-1 64681 920.44 47.99 0.512083 0.000029 -10.8 0.3 0.153 -10.5 
318-U1356A-98R-1-808411 920.64 47.99 0.512067 0.000010 -11.1 0.2 0.161 -10.9 
318-U1356A-98R-2-000313 920.96 48.01 0.512047 0.000008 -11.5 0.2 0.146 -11.2 
318-U1356A-98R-2-5861/111 921.55 48.03 0.512071 0.000014 -11.1 0.2 0.159 -10.8 
318-U1356A-98R-2-5861/211 921.55 48.03 0.512072 0.000016 -11.0 0.2 0.159 -10.8 
318-U1356A-98R-2-12012312 922.17 48.05 0.512060 0.000012 -11.3 0.3 0.148 -11.0 
318-U1356A-98R-3-404313 922.66 48.07 0.512041 0.000010 -11.7 0.2 0.148 -11.4 
318-U1356A-98R-3-55592 922.81 48.08 0.512038 0.000027 -11.7 0.3 0.153 -11.4 
318-U1356A-98R-3-100103/111 923.24 48.10 0.512032 0.000014 -11.8 0.2 0.141 -11.5 
318-U1356A-98R-3-100103/211 923.24 48.10 0.512026 0.000018 -11.9 0.2 0.141 -11.6 
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Sample Name Sample Depth (mbsf) 
Age (Ma)  
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
318-U1356A-98R-3-12012313 923.44 48.11 0.512008 0.000006 -12.3 0.2 0.141 -11.9 
318-U1356A-98R-4-25292 923.98 48.13 0.512006 0.000008 -12.3 0.2 0.140 -12.0 
318-U1356A-98R-4-25295 923.98 48.13 0.512009 0.000023 -12.3 0.2 0.140 -11.9 
318-U1356A-98R-4-424612 924.18 48.14 0.512019 0.000010 -12.1 0.3 0.144 -11.7 
318-U1356A-98R-4-606312 924.38 48.14 0.512020 0.000012 -12.1 0.3 0.141 -11.7 
318-U1356A-98R-5-000312 924.40 48.14 0.512035 0.000012 -11.8 0.3 0.148 -11.5 
318-U1356A-98R-5-25292 924.63 48.15 0.512020 0.000023 -12.1 0.3 0.153 -11.8 
318-U1356A-98R-5-25293 924.63 48.15 0.512011 0.000014 -12.2 0.3 0.153 -12.0 
318-U1356A-98R-5-606313 925.00 48.17 0.512006 0.000008 -12.3 0.2 0.143 -12.0 
318-U1356A-98R-5-70742 925.10 48.17 0.512022 0.000023 -12.0 0.3 0.153 -11.7 
318-U1356A-98R-5-8083/112 925.20 48.18 0.511984 0.000014 -12.8 0.3 0.141 -12.4 
318-U1356A-98R-5-8083/212 925.20 48.18 0.511980 0.000016 -12.8 0.3 0.141 -12.5 
318-U1356A-99R-1-02051 929.42 48.35 0.512023 0.000018 -12.1 0.4 0.153 -11.7 
318-U1356A-99R-1-85883 930.27 48.38 0.512019 0.000014 -12.1 0.4 0.155 -11.8 
318-U1356A-101R-1-57611 949.37 51.60 0.512074 0.000016 -11.0 0.3 0.165 -10.8 
318-U1356A-101R-2-57613 950.30 51.79 0.512070 0.000016 -11.0 0.3 0.153 -10.8 
318-U1356A-102R-1-57613 958.40 52.36 0.512055 0.000014 -11.2 0.3 0.169 -11.2 
318-U1356A-103R-1-56601 968.56 52.76 0.512029 0.000012 -11.9 0.2 0.159 -11.6 
318-U1356A-103R-2-57613 969.50 52.79 0.512088 0.000012 -10.6 0.3 0.153 -10.4 
318-U1356A-103R-4-57614 971.00 52.84 0.512068 0.000016 -11.1 0.4 0.153 -10.8 
318-U1356A-104R-1-56602 978.16 53.06 0.512130 0.000018 -9.9 0.3 0.153 -9.6 
318-U1356A-104R-4-57614 981.00 53.18 0.512074 0.000012 -11.0 0.4 0.167 -10.8 
318-U1356A-104R-5-57613 983.35 53.28 0.512090 0.000012 -10.5 0.3 0.153 -10.4 
318-U1356A-105R-4-63672 992.12 53.63 0.512088 0.000020 -10.7 0.4 0.174 -10.6 
318-U1356A-106R-2-57612 998.73 54.12 0.512081 0.000014 -10.9 0.3 0.166 -10.6 
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Sample Name Sample Depth (mbsf) 
Age (Ma)  
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
Site 1171D         
189-1171D-35R-1-757815 565.52 47.30 0.512279 0.000016 -7.0 0.3 0.154 -6.8 
189-1171D-38R-4-505410/1 598.60 47.89 0.512203 0.000014 -8.5 0.2 0.154 -8.2 
189-1171D-40R-4-505410/2 617.80 48.35 0.512326 0.000014 -6.1 0.1 0.154 -5.8 
189-1171D-42R-1-49.55410/2 632.50 48.60 0.512300 0.000016 -6.6 0.1 0.154 -6.3 
189-1171D-42R-3-5054/16 635.50 48.70 0.512165 0.000008 -9.2 0.3 0.137 -8.9 
189-1171D-42R-3-5054/26 635.50 48.70 0.512173 0.000014 -9.1 0.3 0.145 -8.8 
189-1171D-43R-3-505410/2 645.10 49.00 0.512219 0.000014 -8.2 0.1 0.154 -7.9 
189-1171D-44R-6-56605 659.31 49.35 0.512283 0.000012 -6.9 0.2 0.154 -6.6 
189-1171D-45R-5-505414 665.04 49.36 0.512289 0.000010 -6.8 0.3 0.154 -6.5 
189-1171D-51R-2-505414 720.70 50.50 0.512314 0.000014 -6.3 0.3 0.154 -6.0 
189-1171D-56R-2-70748 768.20 51.00 0.512354 0.000016 -5.5 0.3 0.154 -5.3 
189-1171D-71R-2-8587/16 912.85 52.63 0.512349 0.000012 -5.6 0.3 0.169 -5.4 
189-1171D-71R-2-8587/26 912.85 52.63 0.512337 0.000010 -5.9 0.3 0.166 -5.7 
Site 1172A         
189-1172A-45X-3-424610/2 415.62 39.93 0.512261 0.000016 -7.4 0.1 0.152 -7.1 
Site 1172D         
189-1172D-8R-1-55.559.5/16 536.36 46.92 0.512307 0.000016 -6.5 0.3 0.148 -6.2 
189-1172D-8R-1-55.559.5/26 536.36 46.92 0.512330 0.000012 -6.0 0.3 0.146 -5.7 
189-1172D-9R-2-30.534.514 547.21 47.90 0.512329 0.000010 -6.0 0.3 0.152 -5.8 
189-1172D-9R-5-14014414 552.80 48.32 0.512324 0.000008 -6.1 0.3 0.152 -5.9 
189-1172D-11R-2-10611014 567.26 49.19 0.512308 0.000012 -6.4 0.3 0.152 -6.2 
189-1172D-11R-5-28.532.5/16 570.99 49.46 0.512251 0.000012 -7.6 0.3 0.152 -7.3 
189-1172D-11R-5-28.532.5/26 570.99 49.46 0.512250 0.000012 -7.6 0.3 0.152 -7.3 
189-1172D-12R-5-70729 580.90 50.61 0.512224 0.000010 -8.1 0.3 0.161 -7.9 
189-1172D-14R-3-11011214 597.60 54.26 0.512345 0.000016 -5.7 0.3 0.152 -5.4 
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Sample Name Sample Depth (mbsf) 
Age (Ma)  
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
         
Site 738B         
119-738B-17X-3-737514 140.20 43.80 0.512171 0.000010 -9.1 0.3 0.133 -8.8 
119-738B-21X-3-202214 178.26 46.41 0.512159 0.000012 -9.3 0.3 0.133 -9.0 
119-738B-23X-1-636514 195.00 47.62 0.512138 0.000016 -9.7 0.3 0.133 -9.4 
119-738B-24X-3-646613 207.60 48.46 0.512067 0.000012 -11.1 0.2 0.133 -10.7 
Site 738C         
119-738C-6R-1-626415 235.20 50.53 0.512104 0.000017 -10.4 0.3 0.133 -10.0 
119-738C-8R-1-363815 254.40 52.30 0.512130 0.000015 -9.9 0.3 0.133 -9.5 
Site 757B         
105-757B-17H-2-1001047 151.60 43.88 0.512219 0.000010 -8.2 0.3 0.128 -7.8 
105-757B-18H-2-72779 161.02 45.26 0.512203 0.000016 -8.5 0.3 0.124 -8.1 
105-757B-20X-5-1001059 181.70 48.98 0.512150 0.000016 -9.5 0.3 0.128 -9.1 
105-757B-21X-2-69749 184.89 49.55 0.512113 0.000014 -10.2 0.3 0.130 -9.8 
Site 277         
29-277-38R-2-70728 389.20 47.31 0.512172 0.000022 -9.1 0.3 0.131 -8.7 
29-277-39R-3-10010214 400.50 48.23 0.512171 0.000012 -9.1 0.3 0.131 -8.7 
29-277-40R-3-808210/2 409.80 49.06 0.512120 0.000016 -10.1 0.1 0.131 -9.7 
29-277-41R-3-404210/2 418.90 50.02 0.512196 0.000018 -8.6 0.1 0.131 -8.2 
29-277-42R-2-353710/2 426.85 51.66 0.512136 0.000016 -9.8 0.1 0.131 -9.4 
29-277-43R-3-151714 437.65 53.34 0.512238 0.000010 -7.8 0.3 0.131 -7.3 
Site 264A         
28-264A-3R-6-1201258 148.20 50.44 0.512148 0.000012 -9.6 0.3 0.125 -9.1 
28-264A-4R-5-303514 155.30 51.82 0.512122 0.000010 -10.1 0.3 0.125 -9.6 
28-264A-4R-5-13514014 156.35 52.02 0.512132 0.000016 -9.9 0.3 0.125 -9.4 
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Sample Name Sample Depth (mbsf) 
Age (Ma)  
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
Sediments         
Site U1356A         
318-U1356A-97R-1-575916 910.77 47.61 0.511895 0.000010 -14.5 0.4 0.150 -14.2 
318-U1356A-97R-1-969820 911.08 47.62 0.511903 0.000013 -14.3 0.3 0.150 -14.1 
318-U1356A-98R-1-646620 920.44 47.99 0.511865 0.000014 -15.1 0.3 0.150 -14.8 
318-U1356A-98R-2-000220 920.96 48.01 0.511921 0.000014 -14.0 0.3 0.150 -13.7 
318-U1356A-98R-3-000220 922.26 48.06 0.511908 0.000012 -14.2 0.3 0.150 -14.0 
318-U1356A-98R-4-202220 923.93 48.13 0.511872 0.000013 -14.9 0.3 0.150 -14.7 
318-U1356A-98R-5-202220 924.58 48.15 0.511871 0.000016 -15.0 0.3 0.150 -14.7 
318-U1356A-98R-5-79.581.518 925.18 48.18 0.511875 0.000014 -14.9 0.3 0.150 -14.6 
318-U1356A-99R-1-575920 929.92 48.37 0.511885 0.000013 -14.7 0.3 0.150 -14.4 
318-U1356A-100R-1-404416 939.1 48.74 0.511914 0.000012 -14.1 0.4 0.150 -13.8 
318-U1356A-101R-1-757720 949.58 51.34 0.511904 0.000011 -14.3 0.3 0.150 -14.0 
318-U1356A-102R-1-757721 958.62 52.37 0.511930 0.000015 -13.8 0.3 0.150 -13.5 
318-U1356A-103R-1-656720 968.63 52.77 0.511879 0.000015 -14.8 0.3 0.150 -14.5 
318-U1356A-103R-4-11711917 973.67 52.92 0.511921 0.000018 -14.0 0.2 0.150 -13.7 
318-U1356A-104R-1-555720 978.16 53.06 0.511926 0.000011 -13.9 0.3 0.150 -13.6 
318-U1356A-104R-3-576019 980.55 53.16 0.511950 0.000011 -13.4 0.4 0.150 -13.1 
318-U1356A-105R-2-10510720 988.55 53.49 0.511951 0.000016 -13.4 0.3 0.150 -13.1 
318-U1356A-106R-1-757717 997.55 53.96 0.511924 0.000010 -13.9 0.2 0.150 -13.6 
Site 1171D         
189-1171D-37R-3-5021 587.30 47.50 0.512122 0.000019 -10.1 0.2 0.150 -9.8 
189-1171D-42R-1-495421 623.50 48.34 0.512144 0.000021 -9.6 0.2 0.150 -9.3 
189-1171D-43R-3-505421 645.10 48.71 0.512122 0.000023 -10.1 0.2 0.150 -9.8 
189-1171D-46R-3-505421 674.04 49.17 0.512137 0.000019 -9.8 0.2 0.150 -9.5 
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a) Measured Nd isotopic composition normalised to JNdi 143Nd/144Nd value of 0.512115 (Tanaka et al., 2000). For normalising we used the average values on 
the day given in Table 3.1b. 
b) Internal 2σ standard error of the measurements 
c) εNd values are calculated relative to CHUR value of 0.512638 (Jacobsen and Wasserburg, 1980) 
d) External errors are the 2σ standard deviations derived from repeat analysis of the JNdi standard in measuring sessions as specified in Table 3.1b. 
Uncertanties plotted in figures are 2σ S.E. or 2σ S.D, dependant on which one is larger. 
e) 147Sm/144Nd ratio calculated from direct measurement. Where no value was avaliable, an average value from all measured samples at that site was used 
and is in italics. Value for sediments taken from measurement of similar age sediments (see Chapter 2). 
f) εNd(t) values calculated using values from column (e) and CHUR values of 143Nd/144Nd 0.512638 and 147Sm/144Nd 0.1966 from Jacobsen and Wasserburg, 
1980 
/1 denotes uncleaned sample subject to cleaning with only MQ water and methanol 
/2 denotes cleaned sample subject to full oxidative-reductive cleaning protocol 
n refers to measurement session in Table 3.1b 
Ages calculated using GTS 2012 age scale calibration 
 
Claire Eva Huck, Ph.D Thesis, 2014 	  
	   79 
Table 3.1b: Measurement session details 
 
Sample 143Nd/144Nd ± 2 S.E. n 
Fish teeth    
111th August 2011 0.512005 0.000012 7 
228th September 2011 0.512045 0.000015 14 
321st February 2012 0.512140 0.000015 9 
414th March 2012 0.512223 0.000016 12 
528th March 2012 0.512103 0.000011 26 
619th August 2012 0.512251 0.000015 14 
73rd September 2012 0.512198 0.000018 14 
84th September 2012 0.512168 0.000017 16 
930th October 2012 0.511965 0.000016 26 
10/17th December 2012 0.512113 0.000011 10 
10/27th December 2012 0.512125 0.000009 12 
1113th May 2013 0.512147 0.000010 16 
1221st May 2013 0.512087 0.000014 12 
1328th May 2013 0.512134 0.000010 18 
1416th July 2013 0.512122 0.000014 25 
1516th January 2014 0.512208 0.000017 18 
   249 
Sediments    
1623rd June 2011 0.512030 0.000019 7 
173rd August 2011 0.511958 0.000013 8 
184th August 2011 0.511937 0.000015 16 
1928th September 2011 0.512054 0.000017 10 
204th December 2013 0.512212 0.000015 10 
2110th December 2013 0.512056 0.000009 16 
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The average 143Nd/144Nd JNdi ratio used for offset correction and 2 S.E is given for the 
session and the number of measurements this value is based on is reported for both 
sediment and fish tooth samples. 
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Table 3.2: REE data for fish tooth samples 
 
Sample Sample Depth (mbsf) 
La 
(ppm) 
Ce 
(ppm) 
Pr 
(ppm) 
Nd 
(ppm) 
Sm 
(ppm) 
Eu 
(ppm) 
Gd 
(ppm) 
Tb 
(ppm) 
Dy 
(ppm) 
Y 
(ppm) 
Ho 
(ppm) 
Er 
(ppm) 
Tm 
(ppm) 
Yb 
(ppm) 
Lu 
(ppm) 
Site 1356A 	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
318-U1356A-67R-2-2731 633.47 2150.9 5539.4 605.4 2420.6 535.1 135.0 561.7 93.8 492.4 2739.8 108.5 276.6 44.6 227.8 47.1 
318-U1356A-78R-5-5054 743.00 6676.9 15923.7 1751.6 7185.1 1417.5 265.9 1344.6 177.6 950.0 5509.7 175.6 440.9 54.0 307.6 46.7 
318-U1356A-85R-1-6772 805.37 3014.0 8455.6 832.2 3426.2 736.4 137.3 737.1 104.8 591.5 3159.0 112.3 282.4 35.0 207.5 28.9 
318-U1356A-94R-1-5559 881.95 1190.9 4453.9 403.5 1751.2 419.8 105.4 440.3 66.9 393.7 2059.4 76.1 192.4 24.3 138.2 19.4 
318-U1356A-94R-3-5559 883.40 3785.0 13970.8 1304.8 5760.8 1471.4 363.3 1599.6 257.4 1615.1 8315.4 324.5 891.1 123.4 759.0 107.3 
318-U1356A-95R-2-100104 893.48 498.2 1635.1 168.7 728.9 179.6 45.4 194.4 30.9 194.1 1075.9 38.1 101.6 13.6 77.5 10.6 
318-U1356A-98R-1-0811/1 919.90 1057.1 3697.4 352.7 1515.9 372.5 93.0 428.8 64.9 405.0 2269.9 79.3 223.1 28.4 166.5 24.8 
318-U1356A-98R-1-0811/2 919.90 334.1 1009.3 107.7 460.9 114.5 26.7 128.4 20.1 124.8 688.8 25.1 69.8 9.4 53.6 7.9 
318-U1356A-98R-1-4144 920.24 432.2 1475.6 159.1 683.7 175.5 41.6 194.8 30.8 192.3 1003.4 38.3 106.8 13.9 84.8 12.5 
318-U1356A-98R-1-8084 920.64 509.9 1724.1 185.8 785.4 200.4 48.5 224.3 35.0 222.3 1171.9 43.9 125.7 16.2 95.7 14.3 
318-U1356A-98R-2-0003 920.96 953.8 2650.6 291.1 1206.7 278.8 66.4 311.5 48.0 310.3 1793.5 62.8 182.4 24.3 143.8 21.4 
318-U1356A-98R-2-5861/1 921.55 737.1 2749.8 274.6 1166.9 294.5 66.5 310.6 47.9 296.0 1627.0 58.5 161.5 20.8 119.5 17.5 
318-U1356A-98R-2-5861/2 921.55 438.8 1502.9 154.5 656.4 162.7 38.5 179.9 27.8 173.8 984.2 35.3 98.8 12.9 76.7 11.2 
318-U1356A-98R-2-120123 922.17 583.1 1858.9 181.0 740.1 174.5 40.8 195.2 29.6 192.2 1127.2 39.2 116.3 15.5 93.2 13.8 
318-U1356A-98R-3-4043 922.66 713.4 2553.2 237.5 960.9 226.3 53.4 242.5 37.4 241.0 1323.8 48.0 137.6 18.7 111.0 16.3 
318-U1356A-98R-3-100103/1 923.24 638.8 2096.4 191.1 768.2 171.8 39.7 184.2 27.8 179.7 1065.4 36.2 106.5 14.4 85.9 12.4 
318-U1356A-98R-3-100103/2 923.24 550.1 1840.6 172.1 696.3 163.4 37.6 173.8 27.2 175.5 1034.8 35.6 106.6 14.1 86.5 13.1 
318-U1356A-98R-3-120123 923.44 836.5 2615.0 247.6 1007.9 226.2 52.4 243.6 36.8 231.3 1325.4 46.6 133.9 17.6 103.0 14.9 
318-U1356A-98R-4-2529 923.98 579.3 1776.8 169.0 684.0 152.3 36.2 167.0 25.1 162.9 925.0 32.7 96.5 13.5 79.5 11.9 
318-U1356A-98R-4-4246 924.18 553.8 1821.9 177.8 709.1 161.6 37.4 171.6 25.8 162.3 877.7 32.1 94.3 12.6 74.1 10.8 
318-U1356A-98R-4-6063 924.38 410.8 1517.2 138.6 566.8 127.0 29.9 135.3 20.2 126.7 651.6 24.7 70.2 9.3 53.0 8.1 
318-U1356A-98R-5-0003 924.40 380.4 1516.6 138.8 553.3 130.2 28.6 139.1 20.7 127.2 637.8 24.3 72.2 9.3 57.3 8.3 
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Sample Sample Depth (mbsf) 
La 
(ppm) 
Ce 
(ppm) 
Pr 
(ppm) 
Nd 
(ppm) 
Sm 
(ppm) 
Eu 
(ppm) 
Gd 
(ppm) 
Tb 
(ppm) 
Dy 
(ppm) 
Y 
(ppm) 
Ho 
(ppm) 
Er 
(ppm) 
Tm 
(ppm) 
Yb 
(ppm) 
Lu 
(ppm) 
318-U1356A-98R-5-6063 925.00 698.7 2379.9 214.0 863.9 196.6 44.9 213.3 31.9 204.5 1202.6 41.4 119.6 16.7 101.7 14.8 
318-U1356A-99R-1-8588 930.27 592.4 2737.9 220.8 975.8 240.7 57.9 263.8 39.9 248.5 1322.7 49.8 139.6 18.5 111.8 15.9 
318-U1356A-101R-1-5761 949.37 404.9 1729.9 149.1 681.8 178.5 45.2 209.7 32.2 208.0 1168.5 41.0 112.2 15.1 89.6 12.7 
318-U1356A-102R-1-5761 958.40 720.4 3165.6 276.5 1261.1 339.3 86.1 393.8 62.0 386.8 1984.1 76.2 210.9 27.9 163.4 23.7 
318-U1356A-103R-1-5660 968.56 999.0 4863.0 441.7 1984.1 501.9 122.1 520.8 81.0 489.7 2523.2 96.9 263.8 36.4 223.3 32.4 
318-U1356A-104R-4-5761 981.00 572.0 2913.1 239.7 1049.2 281.9 77.9 309.3 50.5 276.3 1258.5 55.6 141.1 21.0 109.4 20.1 
318-U1356A-105R-4-6367 992.12 71.9 300.4 25.6 113.4 31.3 7.9 34.9 5.6 35.6 192.7 7.2 20.0 2.6 16.1 2.2 
318-U1356A-106R-2-5761 998.73 513.4 2182.4 201.1 925.5 244.2 61.0 267.4 42.0 253.2 1316.3 49.8 134.6 17.5 107.0 14.7 
	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Site 1171D 	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
189-1171D-42R-3-5054/1 635.50 1576.4 5156.5 381.3 1574.5 342.6 76.8 376.2 56.5 349.4 2149.7 71.2 196.2 26.1 149.2 22.4 
189-1171D-42R-3-5054/2 635.50 932.7 2946.5 224.3 912.9 210.5 49.2 235.7 37.7 242.3 1463.9 49.4 137.7 18.0 100.9 13.8 
189-1171D-71R-2-8587/1 912.85 994.5 4184.2 509.3 2389.3 639.6 136.2 652.6 95.4 526.2 2382.5 89.1 202.3 21.5 101.9 12.7 
189-1171D-71R-2-8587/2 912.85 560.7 2328.4 287.9 1359.8 357.5 76.7 370.4 53.9 295.0 1355.2 50.2 110.3 11.5 53.5 6.5 
  	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Site 1172D  	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
189-1172D-8R-1-55.559.5/1 536.36 756.3 3554.5 240.8 1024.0 239.9 50.2 245.6 37.4 228.0 1243.4 45.1 124.0 16.6 96.4 13.6 
189-1172D-8R-1-55.559.5/2 536.36 457.9 2055.9 141.2 606.2 141.0 30.5 145.1 22.3 137.1 827.7 27.8 75.3 10.3 59.4 8.5 
189-1172D-12R-5-7072 580.90 265.1 882.0 95.2 427.9 109.5 25.6 116.0 18.1 114.1 605.7 22.7 65.2 9.1 55.8 8.0 
  	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Site 757B  	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
105-757B-18H-2-7277 161.02 513.8 256.0 107.9 459.3 94.3 31.3 128.2 21.3 116.9 1105.5 30.3 77.5 12.0 50.6 11.6 
105-757B-21X-2-6974 184.89 149.0 172.4 33.8 152.4 31.5 7.7 38.7 5.3 32.8 313.4 7.4 19.6 2.4 12.2 1.7 
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Sample Sample Depth (mbsf) 
La 
(ppm) 
Ce 
(ppm) 
Pr 
(ppm) 
Nd 
(ppm) 
Sm 
(ppm) 
Eu 
(ppm) 
Gd 
(ppm) 
Tb 
(ppm) 
Dy 
(ppm) 
Y 
(ppm) 
Ho 
(ppm) 
Er 
(ppm) 
Tm 
(ppm) 
Yb 
(ppm) 
Lu 
(ppm) 
Site 264A  	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
28-264A-3R-6-120125 148.20 197.4 117.6 44.7 190.9 39.2 9.0 46.5 6.4 41.7 362.0 9.0 25.5 3.1 16.3 2.4 
  	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Site 277  	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
29-277-38R-2-7072 389.20 524.7 548.1 128.4 552.5 114.8 24.9 121.9 17.1 106.4 934.6 22.7 63.7 7.8 39.7 5.5 
	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
Site 738B 	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
119-738B-24X-3-6466 207.60 197.4 117.6 44.7 190.9 39.2 9.0 46.5 6.4 41.7 362.0 9.0 25.5 3.1 16.3 2.4 
/1 denotes uncleaned sample subject to cleaning with only MQ water and methanol 
/2 denotes cleaned sample subject to full oxidative-reductive cleaning protocol 
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3.5 Discussion 
 
3.5.1 Evidence for potential Eocene deep water formation around Antarctica 
 
A number of studies have addressed the question of deep water formation and 
circulation patterns during the Greenhouse climate in the absence of large scale 
continental ice sheets and reduced pole to equator temperature gradients. For 
example, modeling studies from Cretaceous to Eocene intervals produce deep water 
formation in the high latitudes of the Southern Hemipshere as well as large 
circulating gyre systems, such as clockwise flowing proto-Ross Sea and Indian 
Ocean gyres (e.g., Brady et al., 1998; Otto-Bliesner et al., 2002; Huber et al., 2004; 
Sijp et al., 2011). In addition, these studies have as of today, not been able to 
reproduce downwelling at low latitudes, which argues against a source of deep water 
such as the Tethys region to the Southern Ocean as proposed by some 
geochemical, faunal, and model based studies (e.g., Pak and Miller, 1992; O'Connell 
et al., 1996; Scher and Martin, 2004). Only sparse data exist which can actually test 
the different proposed ocean circulation scenarios. For example, existing studies 
using the Nd isotopic composition of seawater as a proxy for water mass 
reconstructions support the notion of the southern high latitudes as the dominant 
source of deep water formation (Scher and Martin, 2004; Thomas, 2004; Martin and 
Scher, 2006; Robinson et al., 2010; MacLeod et al., 2011).  
 
In the modern ocean, deep water formation occurs in the North Atlantic and at a 
number of locations around Antarctica. Cold and dense Antarctic Bottom Water 
(AABW) is formed from modified Antarctic Surface Water (AASW) and Circumpolar 
Deep Water (CDW) during periods of sea ice formation on the Antarctic shelves or in 
polynas, and sinks to form the deepest water masses in the Southern Ocean (Orsi 
and Wiederwohl, 2009). Due to its high density, AABW is restricted to deep basins 
such as the Australo-Antarctic Basin (AAB), and the Ross Sea. Figure 3.4 illustrates 
the known Nd isotopic compositions from direct measurements of modern day deep 
water masses in the Southern Ocean in comparison with the data produced for this 
study. The ACC, which transports ~130Sv (130x106m3s-1; Orsi et al., 1995) of water 
uninterrupted around the Antarctic, is characterized by an average Nd isotopic 
composition of -8.6±0.5, measured in water depths from 200 to 4800m and from 
circum-Antarctic locations in the Drake Passage, the Atlantic sector of the Southern 
Ocean, and the Pacific sector of the Southern Ocean (Piepgras and Wasserburg, 
1982; Carter et al., 2012; Stichel et al., 2012; Rickli et al., 2014). Measurements of 
Claire Eva Huck, Ph.D Thesis, 2014 	  
	   84 
Ross Sea Bottom Water (RSBW) and Weddell Sea Bottom Water (WSBW) yield 
values of -7.0±0.4 (Rickli et al., 2014) and -8.9±0.4 (Stichel et al., 2012) respectively. 
For the local bottom water produced in the Adélie depression on the shelf proximal to 
IODP Site U1356 (e.g. Wilkes Land-Adélie Coast Bottom Water, WL-ACBW; Rintoul, 
1998) we infer modern values from ferromanganese nodule results (-9.5 to -10.5; van 
de Flierdt et al., 2006). While these values potentially integrate over tens of 
thousands of years, they have been confirmed by recent direct seawater 
measurements on the Adélie shelf between 10 and 330m water depth (-9.3 to -10.5) 
by Lambelet et al (unpublished data). 
 
Our new data provide a palaeo perspective on bottom water production and deep 
water masses around Antarctica and reveal some important new insights. The 
average Nd isotopic composition of all deep water sites from 53 to 44 Ma is -9.4 and 
hence very similar to modern deep waters in the ACC and Southern Indian Ocean. It 
is however notable that a higher value is observed at Pacific DSDP Site 277 in the 
early Eocene (εNd = -7.3 at ~53 Ma; Table 1). Site 277 is located within what would 
have been the proto-Ross gyre and may reflect the influence of proto-bottom water 
formation. The early Eocene value cited above would fall within the range of modern 
RSBW (εNd = -6.6 to -7.4; Rickli et al., 2014), but not the entire record extends to 
such radiogenic values. However, even the most unradiogenic Nd isotopic 
compositions observed at this site (εNd= -8.7 and -9.7; Fig. 3.4; Table 3.1) points to a 
significant contribution of deep water, formed on Antarctic shelves and exported to 
DSDP Site 277, as typical central Pacific deep waters during the Early Eocene are 
characterized by εNd values > -5 (Thomas et al., 2003; 2008). Finally, the Nd isotopic 
composition of the shallow (Eocene) to deep (Oligocene) water record from IODP 
Site U1356 shows some overlap with modern WL-ACBW. While excursions to more 
negative values will be discussed in section 5.2, the baseline value of ~ -10.6 implies 
the possibility of active bottom water formation on the shelf next to Site U1356 even 
in the Eocene. This suggests that even though average winter temperatures back 
then were mainly in excess of ~10°C (Pross et al., 2012), seasonal sea ice formation 
may still have existed temporarily allowing deep/bottom water formation by brine 
rejection (e.g., Lunt et al., 2010). Interestingly, average εNd values in the early 
Eocene and Oligocene sections at Site U1356 remain the same (εNd = -10.6 to -10.7), 
even though progressive deepening from an Eocene shallow shelf environment to a 
pelagic Oligocene environment associated with increased rifting between Australia 
and Antarctica during this time (e.g., Lawver and Gahagan, 2003) is inferred from 
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sedimentary and assemblage data (Escutia, 2011). This observation suggests that 
the main source of authigenic Nd at the site remained unchanged between the 
Eocene to Oligocene, and is similar to the signature we find today in the area of the 
Adélie depression, where active bottom water formation takes place.   
 
	  	  
Figure 3.4: Upper panel: Global benthic δ18O stack (Zachos et al., 2008), highlighting the global 
climatic evolution over the past 70 million years and the time of the Early Eocene climatic optimum 
(EECO). Black boxes and dashed lines highlight study intervals with Nd isotopic data. Lower panel: 
Neodymium isotopic composition of fossil fish tooth and bone debris for early to mid-Eocene to 
Oligocene seawater in the Tasman region of the Southern Ocean. Squares denote shelf site U1356 
(hiatus identified with dashed line Escutia et al., 2011) and circles denote deep ocean sites. Coloured 
bars represent Nd isotopic composition of modern day deep water masses; ACC = Antarctic 
Circumpolar Current (Piepgras and Wasserburg, 1982; Carter et al., 2012; Rickli et al., 2014; Stichel et 
al., 2012), WL-ACBW = Wilkes Land-Adélie Coast Bottom Water (van de Flierdt et al., 2006; Lambelet 
et al., unpublished data), RSBW = Ross Sea Bottom Water (Rickli et al., 2014).	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The outstanding feature of the authigenic Nd isotope record at IODP Site U1356 is 
however the sharp excursion observed during the mid-Eocene to the most 
unradiogenic values (εNd = -12.4) measured throughout the entire late Paleogene. 
This excursion coincides with the suggested shallow opening of the Tasman 
Gateway (Bijl et al., 2013a). The remainder of this chapter will focus on exploiting this 
particular data set in the context of the records derived from the surrounding sites as 
well as the bulk sediment compositions. 
 
3.5.2 Shallow Mid Eocene opening of the Tasman Gateway? A Nd isotope 
perspective 
 
Based on observed changes in the dinoflagellate assemblage at IODP Site U1356, 
Bijl et al. (2013a) proposed a shallow opening of the Tasman Gateway between 49 
and 48Ma, allowing the influx of cooler Pacific waters from the proto-Ross gyre 
(Huber et al., 2004) to the Wilkes Land coastline (i.e. east to west flowing surface 
current). The dinoflagellate record is shown in Figure 3.5, and indicates a transition 
from warm water species (Apectodium. spp) to a cooler water species (Endemic), 
previously only found on the Pacific side of the gateway (Site 1171 shown for 
comparison, Figure 3.5), in the middle Eocene. Organic biomarker data furthermore 
suggest a concomitant drop in SST and terrestrial temperatures of 2 – 4°C at ~49 - 
48Ma at Site U1356, which would be in line with the influx of cold Pacific water at this 
time. In order to assess whether the Nd isotope data from IODP Site 1356 are 
consistent with this idea, we first have to consider the regional Eocene Nd isotopic 
composition of water masses in the Southern Indian and Pacific Oceans.  
 
Regional authigenic Nd isotope end members 
During the Eocene, ODP Sites 1171 and 1172 were situated on the eastern side of 
the Tasman Gateway and hence provide Nd isotopic compositions of shallow 
(~100m water depth) water, which could reflect Pacific or Ross Sea gyre water mass 
values. The Nd isotopic composition of waters in the Eocene southeast Pacific and 
Ross Sea gyre can be deduced from DSDP Site 277, which was situated at an 
intermediate water depth of 1200 m (εNd = -7.3 to -9.4 before 49 Ma). As discussed in 
section 3.5.1, these values overlap with, and are slightly lower than, modern values 
for Ross Sea bottom water (εNd = -6.6 to -7.4; Rickli et al., 2014). The Nd isotopic 
composition of seawater around Sites 1171 and 1172 pre 49Ma (εNd =     -5.3 to -7.9) 
also overlaps with modern Ross Sea bottom water, but extends to more radiogenic 
values. Such values are unlikely to be caused by local detrital inputs, as the bulk 
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sediments analysed at Site 1171 display values around -9 to -10 (Fig. 3.2, Table 3.1). 
Instead, we suggest that Sites 1171/1172 rather record the Eocene Nd isotope 
composition of subsurface waters in the region, which hence indicate some 
stratification of the water column. Recently published results by Thomas et al. (2014) 
constrain the Nd isotopic composition of deep water masses in the South Pacific 
(DSDP Site 323 and ODP Site 596; εNd = ~-6 from 55Ma; Fig. 3.5). Furthermore, 
sparse data from the equatorial Pacific indicate even more radiogenic values of -3 to 
-4 between 50 and 38Ma (Ling et al., 1997; van de Flierdt et al., 2004; Thomas et al., 
2014). Hence the picture emerges of intermediate to deep waters in the early Eocene 
South Pacific that were probably characterised by a Nd isotopic composition of ~ -4 
to -6, while Ross Sea bottom waters may have been less radiogenic as indicated by 
our new results from DSDP Site 277 and similar to the modern situation. Importantly, 
(sub)surface waters to the east of the Tasmanian gateway can be characterised with 
εNd values > -8, as indicated by our results from ODP Sites 1171 and 1172.  
 
All deep to intermediate water sites in the Southern Indian Ocean / Southern Ocean 
to the west of the Tasman Gateway (i.e. DSDP Site 264, 3000m water depth; ODP 
Site 738, ~2200m water depth; ODP Site 757, ~1500m water depth) are 
characterised by Nd isotopic compositions, which are less radiogenic (lower) than -8, 
and broadly overlap with the modern day composition of the ACC (εNd = -8 to -9; see 
discussion above and Fig. 3.4). This observation holds for the time prior to the 
proposed gateway opening, as well as for the time afterwards (pre 49 Ma and post 
48 Ma; Fig. 3.6).  A shallow opening of the Tasman Gateway, as proposed by Bijl et 
al. (2013a), would not necessarily be expected to leave a fingerprint at these sites 
due to their water depth. Instead they should rather be influenced by the opening of 
the deep water passage between the Pacific and Indian Oceans, which happened 
outside our study interval (between ~35.5 and 30.2Ma; Stickley et al., 2004; see also 
Scher and Martin, 2008). However, similar Eocene εNd values in deep water sites on 
both sites of the gateway preclude Nd isotopes as a good proxy for tracking the deep 
opening. Alternatively, (sub)surface waters appear distinct on both sides of the 
gateway as indicated by the comparison of Sites 1171 (εNd = -5.5 to -6.9 pre 49 Ma) 
and U1356 (εNd = -9.6 to -11.6 pre 49 Ma).  Hence authigenic Nd isotopes at the Site 
U1356 should be sensitive to detecting an inflow of shallow water from the Pacific 
Ocean (i.e. proto-Ross gyre; Fig. 3.6). Figure 3.6 shows that an opening of the 
Tasman Gateway associated with westward flow of surface waters close to the 
continent should have caused a shift towards more radiogenic (higher) Nd isotopes 
in the area. Such a shift is however not observed in the data. In fact the observed 
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excursion goes in the opposite direction (towards more negative values) and is 
transient in nature (i.e., values return to their original level after the ‘event’; Figs. 3.2 
and 3.6).  
 
We acknowledge that there is the possibility that our records would not detect a 
change in Nd isotopic composition of seawater due to the modification of seawater 
by local sediments on the shelf through boundary exchange as illustrated by Carter 
et al. (2012). It seems however unlikely that the influx of a large enough volume of 
water to induce the level of regional cooling suggested by Bijl et al. (2013a), from an 
isotopically distinct region would not be recorded at all. To the contrary, the fact that 
the Nd isotopic excursions coincide directly with the changes in dinoflagellate 
assemblages at Site U1356 (Fig. 3.5) suggesting a link between the two. 
Additionally, dinoflagellate populations on the Pacific side at Site 1171 are not 
consistently high even within the Endemic species. A decrease is seen in Endemic 
dinocysts at ~52Ma, which only begins to recover again at ~49Ma (Fig. 3.5) suggests 
that water temperature may not be the only important control on predominant 
dinoflagellate species. Although the endemic dinoflagellates become more dominant 
at Site U1356 after 49Ma, they were already present between 54 – 51.5Ma (~10% 
population), meaning transport through a shallow gateway opening is not required to 
bring them to the site. For example, environmental conditions may have altered 
between the early to mid-Eocene to favor or disadvantage either of the species 
allowing one to outcompete the other. Finally, both seawater Nd isotope excursions, 
at Sites U1356 and Site 1171, are transient in nature, with values from all measured 
sites remaining similar before and after the excursion (see Figure 3.6). This 
observation makes it difficult to reconcile transient changes in Nd isotopic 
composition with a permanent gateway opening. 
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Figure 3.5: Neodymium isotopic composition of fossil fish teeth and debris at shelf sites U1356 (green squares) and Site 1171 (red squares). Dinoflagellate 
record from Site U1356 (solid orange and purple lines) and Site 1171 (dashed orange line), marine (TEX86 high (H) and low (L) calibrations (see Bijl et al., 
(2013a) for details) and terrestrial (MBT/CBT) temperatures for Site U1356 all from (Bijl et al., 2013a). Black dashed line represents hiatus at U1356.	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Figure 3.6: Neodymium isotopic composition of shelf (black squares) and intermediate/deep 
(black circles) sites pre 49Ma and post 48Ma. Composition denoted by coloured circle around 
site marker and refers to key at the top of the map. Major currents inferred from Huber et al. 
(2004), red arrows identify subpolar gyres, green arrows identify subtropical gyres. Additional 
data (italics and red dashed box around site name) from Pacific Site 596 (Thomas et al., 2014) 
and ferromanganese crust ‘63KD’ (van de Flierdt et al., 2004; only extends to 40Ma). 
Submerged plateaus are white with black outline, location names as Figure 3.1.	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3.5.3 Changes in the erosional run-off from Antarctica at the end of the Early 
Eocene Climatic Optimum (EECO) 
 
After establishing that the seawater Nd isotope excursion at IODP Site U1356 can 
not be linked to a shallow opening of the Tasman Gateway, the question of the cause 
of the excursion remains to be answered. Due to the transient nature of the 
excursion, which is not only observed at Site U1356 but also at Site 1171 (Figs. 3.2 
and 3.5), located in similar proximity to the Antarctic continent (Cande and Stock, 
2004), the mechanism must invoke something less permanent than tectonic 
rearrangement. 
 
A more careful evaluation of bulk sediment and seawater data at both sites provides 
some important hints. Seawater at IODP Site U1356 is characterised by the most 
negative Nd isotopic composition known so far in the Eocene Southern Ocean (εNd = 
- 9.6 to -12.5; Table 3.1). Sediments deposited on a shelf typically reflect the average 
isotopic discharge of detrital material from the continental source area (Goldstein et 
al., 1984; Goldstein and Jacobsen, 1987; Jeandel et al., 2007). It is interesting to 
note, therefore, that Eocene detrital data at Site U1356 extend to even lower values 
(εNd = -13.1 to -14.7) than the local seawater. This observation fits with observations 
from regional core top sediments (εNd = -12.4 to -23.6;  Roy et al., 2007; Pierce et al., 
2011; Cook et al., 2013) and the fact that IODP Site U1356 was drilled offshore of 
the Adélie craton, one of the oldest pieces of continental crust exposed in Antarctica 
(for a summary see Pierce et al., 2011). ODP Site 1171 on the other hand is located 
offshore from George V Land, which is characterised by a more recent tectono-
metamorphic history and hence a more radiogenic Nd isotopic composition as 
manifested in the sediment signature (Fig. 3.2). This means that the outcropping 
geology near each site (U1356 and 1171) provides a source of less radiogenic Nd in 
each case, consistent with the direction of recorded excursions at both sites 
respectively. 
 
Overall our data strongly indicate an increased input of Nd from the neighboring 
Antarctic continent to Sites 1171 and U1356 during the mid Eocene (49 to 48 Ma). 
Such an increase could have been associated with a perturbation to the hydrological 
cycle, causing increased erosional run-off and hence changing the authigenic Nd 
isotopic composition. Passchier et al. (2013) used the bulk geochemistry of 
sediments at Site U1356 to produce a semi-quantitative temperature and 
precipitation record for the Eocene to Oligocene. During the Eocene, a decrease in 
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temperatures and precipitation levels between 49 and 48Ma interrupt an otherwise 
consistently warm and wet record. However, due to the complex nature of sediments 
within this interval (see Chapter 2), lithological bias could have influenced the record 
and we therefore do not make any further interpretations based on these data. Dingle 
et al. (1998) used clay mineral, sediment and geochemical data from early to mid-
Eocene samples on the Antarctic Peninsula to show a sharp transition from warm, 
wet non-seasonal conditions to warm and strongly seasonal conditions at ~48Ma. In 
addition to this, a plethora of fossil plant evidence shows a changing vegetation 
assemblage from high diversity, multilayered plant ecosystems on the Antarctic 
continent during the early Eocene to a lower diversity, cooler assemblage including 
the temperate Nothofagus at 48Ma. This is evident from Site U1356 (Pross et al., 
2012; Contreras et al., 2013), as well as from additional sites around East Antarctica 
and the Antarctic Peninsula (e.g., Askin, 2000; Francis et al., 2008; Truswell and 
Macphail, 2009; Pross et al., 2012; Contreras et al., 2013).  
 
In summary, there seems ample indication for a change in climate on the Antarctic 
continent from warm and wet Early Eocene conditions to cooler and wet mid Eocene 
conditions.  
 
3.6 Conclusions 
 
We have presented Nd isotopic data from fossil fish teeth and sediments from 
shallow shelf and intermediate/deep open ocean settings in the Tasman region of the 
Southern Ocean during the early to mid-Eocene and into the Oligocene for IODP Site 
U1356. Our new data suggest that Eocene deep water formation in the Southern 
Ocean was probably occurring offshore of the Adélie Coast and in the Ross Sea. A 
pronounced excursion in the seawater Nd isotopic composition of shallow water 
masses between ~49 to 48Ma on either side of the Tasman Gateway is transient in 
nature and the respective water masses remain isotopically distinct. This observation 
is incompatible with a proposed shallow opening of the Tasman gateway at this time. 
Instead we suggest that the excursion records increased erosional run off from the 
continent, altering the Nd isotopic composition of seawater on the shelves, in 
response to the changing climatic conditions on Antarctica. Future high resolution 
studies at additional Southern Ocean sites, both proximal and more distal, as well as 
improved age control on existing sites, may provide further insights to explain the 
exact nature of this event and its implications for ocean chemistry. 
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Chapter 4 
 
Revisiting North Atlantic ODP Site 647: 
Neodymium isotope constraints on 
water mass distribution across the 
Eocene/Oligocene boundary 
 
 
 
 
 
 
 
 
 
The data in this chapter has been produced and interpreted in collaboration with T. 
van de Flierdt (Imperial College London, UK), H. Coxall (Stockholm University, 
Sweden) C. Lear (Cardiff University, UK), J. Backman and M O’Regan (Stockholm 
University, Sweden) and J Zachos (University of Santa Cruz, USA)  
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4.1 Introduction 
 
Today’s thermohaline circulation is known as the ‘great conveyor belt’ (Broecker, 
1991), which connects the three major ocean basins (Atlantic, Indian and Pacific) via 
the Southern Ocean. The major areas of deep and bottom water formation are 
presently located in the North Atlantic and in the Southern Ocean (e.g., Marshall and 
Speer, 2012), where surface waters become dense enough to sink. Modern day 
North Atlantic deep water (NADW) is predominantly formed via mixing of three water 
masses in the North Atlantic subpolar gyre (Figure 4.1): Denmark Strait overflow 
water (DSOW), Iceland-Scotland overflow water (ISOW), and Labrador Sea water 
(LSW). DSOW and ISOW are formed in the Greenland-Iceland-Norwegian Seas 
(GIN seas), and enters the main Atlantic basin via the Greenland-Scotland Ridge 
(GSR; Fig. 4.1). They flow around the Irminger Basin, towards the southern tip of 
Greenland and into the Labrador Sea from where they are ultimately exported as 
lower (DSOW) and middle (ISOW) NADW. LSW is produced during winter time 
convection in the Labrador Sea and forms the least dense of the source water 
masses of NADW (i.e. upper NADW). NADW is ultimately exported from the subpolar 
region along the western edge of the North Atlantic basin in the Deep Western 
Boundary Current (DWBC). In the South Atlantic, NADW is underlain by colder and 
denser Antarctic bottom water (AABW) and overlain by fresher and less dense 
Antarctic Intermediate Water (AAIW). Upon reaching the Southern Ocean, NADW 
becomes entrained in the Antarctic circumpolar current (ACC), where it mixes with 
deep water masses from the Pacific and Indian Oceans, which are also the ocean 
basins to which it is exported. Return flow to the North Atlantic happens at 
intermediate and surface levels. Warm and salty surface waters of the Gulf Stream, 
ultimately reach the northern high latitudes again, where they cool and sink to 
complete the cycle (Broecker, 1991; Schmitz and McCartney, 1993; Dickson and 
Brown, 1994). In the Atlantic Ocean, the above described water masses form the 
Atlantic Meridional Overturning Circulation (AMOC), which connects the surface and 
the deep ocean, and transfers heat and moisture between high and low latitudes in 
both hemispheres.  
 
Geologically speaking, the above described picture of the AMOC has only been a 
feature of the recent past, as ocean circulation patterns have varied on millennial 
(e.g., Rahmstorf, 2002), glacial-interglacial (e.g., Oppo and Lehman, 1995; Rutberg 
et al., 2000; Piotrowski et al., 2004; 2008) and million year time scales (e.g., Wright 
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and Miller, 1996) due to (or coupled with) changes in climate and palaeogeography. 
The Eocene epoch (56 to 34 Ma) was of particular importance to the Cenozoic 
evolution of deep water circulation patterns for two reasons. At the Eocene-
Oligocene transition (EOT; ~34 Ma), continental-scale glaciation was established on 
the Antarctic continent (e.g., Zachos et al., 2001). This had, amongst others, 
profound effects on deep water temperatures, depth of the carbonate compensation 
depth, ocean productivity, and - potentially - deep ocean circulation (e.g., Wright and 
Miller, 1996; Thomas et al., 2003; Coxall et al., 2007). The Eocene was also the time 
during which North Atlantic palaeogeography changed quite significantly, with the 
final opening of tectonic gateways between the Labrador Sea and Baffin Bay 
(Gradstein and Srivastava, 1980) as well as the GIN seas (e.g., Olesen et al., 2007). 
As outlined above, both of these areas play a major role in the formation of modern 
NADW, and when closed, would have prevented any production of deep waters in 
the northernmost Atlantic prior to the Eocene and maybe even until the early 
Oligocene (Wright and Miller, 1996; Davies et al., 2001; Via and Thomas, 2006).  
 
	  	  
Figure 4.1: Simplified illustration of water masses contributing to modern day North 
Atlantic deep water and their flow directions (solid black arrows). LSW = Labrador Sea 
Water, DSOW = Denmark Strait Overflow Water, ISOW = Iceland Strait Overflow Water, 
NADW = North Atlantic Deep Water, DvS - Davis Strait, DS = Denmark Strait, IFR= 
Iceland Faeroe Ridge, FSC= Faeroe-Shetland Channel, FS = Fram Strait, GDD = Gloria 
Drift deposits. Dashed line circle represents the subpolar North Atlantic gyre. White star 
marks the location of ODP Site 647. Map created in GeoMapApp.	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In order to resolve the effect of global deep ocean changes across the EOT in the 
North Atlantic, and to unravel North Atlantic ocean circulation patterns, we present 
the first North Atlantic EOT record of authigenic neodymium (Nd) isotopes. Ancient 
seawater circulation patterns have been reconstructed using the Nd isotopic 
composition of seawater as a water mass tracer. Neodymium is transferred to the 
oceans from weathering of surrounding continents (e.g., Piepgras and Wasserburg, 
1980; Goldstein and O'Nions, 1981; Frank, 2002) and transport via rivers and aeolian 
flux. There is also increasing evidence that exchange of Nd between sediments and 
seawater plays a role in the final composition of the water masses (Lacan and 
Jeandel, 2005b; Wilson et al., 2013). Geological heterogeneity in areas of deep 
water formation leaves a distinct Nd imprint on the composition of the water mass 
formed, which can be traced spatially due to the short residence time of Nd in the 
seawater (~400 - 1000yrs; Tachikawa et al., 2003). The water masses contributing to 
modern day NADW have well defined Nd isotopic compositions: εNd (ISOW) = -
8.4±1.4, εNd (DSOW) = -8.2±0.6, εNd (LSW) = εNd -13.9±0.4 (see Figure 4.2) (Lacan 
and Jeandel, 2004a; 2004b; 2005a) (εNd describes the deviation of the 143Nd/144Nd 
ratio measured in a sample from that of the chondritic uniform reservoir (CHUR) in 
parts per 10,000; DePaolo and Wasserburg, 1976).  
 
The Nd isotopic composition of seawater from the geological past can be preserved 
in a number of archives, of which fossil fish teeth are considered the most robust as 
they are thought to be resistant to overprinting during later diagenesis regardless of 
sediment type, rate of burial, or changing concentrations of Nd in the porewaters 
down core (Bernat, 1975; Wright, 1984; Staudigel et al., 1985; Elderfield and Pagett, 
1986; Reynard et al., 1999; Martin and Haley, 2000; Martin and Scher, 2004). 
Neodymium is incorporated into the teeth from the surrounding seawater during the 
fossilization process at the seawater-sediment interface (Shaw and Wasserburg, 
1985; Martin et al., 1995) at much higher concentrations (ppm) than are present 
during the life of the fish (ppt levels of Nd), therefore preserving the 
contemporaneous Nd isotope signature of the ambient bottom water. 
 
Our new Nd isotope record from fossil fish teeth from Ocean Drilling Program (ODP) 
Site 647 is consistent with a change in the deep water mass in the North Atlantic 
basin over the EOT, to a likely source region of the GIN Seas in response to 
deepening of the GSR and global cooling. The production of modern day NADW is 
not supported by our data due to the absence of very unradiogenic Nd compositions 
resulting from the contribution of LSW. 
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4.2 Samples and setting 
 
Ocean Drilling Program (ODP) Site 647 was drilled during Expedition 105 to the 
Labrador Sea in a current water depth of 3858.5m at 53°19.876’N and 45° 15,717’W, 
in the subpolar North Atlantic gyre, just to the South of the Gloria Drift deposits 
(Figure 4.1). Drilling at Hole 647A recovered 445m of sediment, which contained an 
early Oligocene to middle Eocene section (135.4 to 530.3 mbsf), containing diatoms, 
foraminifers and calcareous nannofossils, all valuable archives for 
paleoceanographic studies. The age model for the core was initially based on 
combined biostratigraphy and magnetostratigraphy (Srivastava et al., 1987) and was 
recently updated by Firth et al. (2012). Sedimentation rates are high throughout the 
section of interest (up to 36m/m.y.), and the sediments consist of moderately to 
strongly bioturbated greenish-gray claystones, with glauconite, pyrite and carbonate 
concretions present in parts. At this site, the EOT is characterized by a gradual, but 
significant change in the benthic foraminiferal fauna, from agglutinated to calcareous 
dominated populations (Srivastava et al., 1987). A set of 35 samples was utilized 
during this study, ranging from early Oligocene to middle Eocene in age (33.2 to 48.5 
Ma), in order to investigate water mass changes at ODP Site 647. Thirty-one 
samples were chosen to cover the EOT with an average resolution of 50,000yrs. 
Three additional samples were used to yield insights on approximate middle Eocene 
water mass composition.  
 
4.3 Methodology 
 
Fish teeth and bone debris were hand-picked from the >63µm fraction of sieved 
sediment and cleaned using ultrapure water and methanol following the simple 
cleaning method described in Martin and Haley (2000) to remove any detrital debris. 
In order to test whether the simple cleaning method is appropriate to use at ODP Site 
647, two large enough (>400µg) samples were split in two, with one half being 
subjected to a full oxidative-reductive cleaning protocol to remove Fe-Mn 
oxyhydroxide coatings using the method adapted from Boyle and Keigwin (1987) and 
the other half being exposed to the simple cleaning method only. These samples are 
referred to as cleaned and uncleaned respectively hereafter. All samples were 
dissolved in 2M HCl, dried down and converted to nitrate form prior to column 
chemistry. A standard two-stage ion chromatography procedure was used, which first 
isolated the REEs from the sample matrix using TRU Spec resin (100-120µm bead 
size) and then separated Nd from the other REE’s with Ln-Spec resin (50-100µm 
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bead size) (after Pin and Zalduegui (1997)). Neodymium isotope ratios were 
measured on a Nu Plasma MC-ICP-MS at Imperial College London in static mode. 
Instrumental mass bias was corrected for using a 146Nd/144Nd ratio of 0.7219. 
Samarium interference can be adequately corrected if the 144Sm signal contributes 
less than 0.1% of the 144Nd signal. The Sm contribution in all our samples was well 
below this level.  Chemistry blanks were consistently below 10pg Nd.  Replicate 
analyses of the Nd standard JNdi yielded 143Nd/144Nd ratios from 0.512060 ± 
0.000015 to 0.512251 ±0.000015 (2σ, n=116) dependent on daily running conditions 
over 12 months. The external reproducibility of our chemistry and mass spectrometry 
procedure was monitored using a fossil bone composite standard, yielding a 
143Nd/144Nd ratio of 0.512377 ± 0.000014 (2σ, n=8 over 18 months), which agrees 
within error with values published by Chavagnac et al. (2007) and Scher and 
Delaney (2010). All results are reported in Table 4.1a and 4.1b. To correct for the 
decay of 147Sm to 144Nd within the fish teeth over time we use rare earth element 
concentrations obtained in two samples from this site (Table 4.1). Derived 
147Sm/144Nd ratios of 0.129 and 0.134 are consistent with values reported in other 
studies (Thomas et al., 2003; Martin and Scher, 2006; Moiroud et al., 2013). We 
applied an average value of our measurements (147Sm/144Nd = 0.132) to all 
remaining samples (Table 4.1a).  
 
4.4 Results 
 
Neodymium isotopes span a range of ~2.5 epsilon units from -8.8 to -11.2 across the 
EOT (33.25 to 35.29 Ma; Table 4.1, Figure 4.2) and extend to a value of -11.9 during 
the middle Eocene (48.46 Ma). Overall most of the EOT data fall into a smaller 
window from -8.8 to -10.0, with an average Nd isotopic composition for this data 
group of εNd = -9.5 ± 0.6. This ‘baseline’ is punctuated by sharp, short-lived 
excursions to more negative numbers. While the most negative εNd value is found in 
the oldest sample (~48.46 Ma; εNd = -11.9), there is a tendency for more negative 
excursions to occur after the EOT (Fig. 4.2). It is interesting to note that the gap in 
data between 33.71Ma and 34.21Ma is due to the fact that many samples were 
either barren of fish teeth/debris or did not contain enough material to obtain a Nd 
isotopic composition. The two processed cleaned and uncleaned sample splits 
produced the same Nd isotopic composition within error (Table 4.1a). In the following 
we will focus our discussion on the high resolution EOT section of the data. 
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Figure 4.2: Neodymium isotopic data from ODP Site 647 plotted against age (Cande and Kent 1995) using the age model of Firth et al. (2012). Dashed 
line represents interval with no material for analysis, gap in data and break in x-axis represents sections of core not sampled. Grey dashed line represents 
Eocene Oligocene Transition (EOT). Modern seawater Nd isotopic compositions from North Atlantic in shaded bars: LSW = Labrador Sea Water, εNd -
13.9±0.4 (Lacan and Jeandel, 2005a); ISOW = Iceland Scotland Overflow Water, εNd         -8.4±1.4 (Lacan and Jeandel, 2004b); DSOW = Denmark Strait 
Overflow Water, εNd -8.2±0.6 (Lacan and Jeandel, 2004a); NADW = North Atlantic Deep Water, εNd -13.5±0.5 (Piepgras and Wasserburg, 1987).	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Table 4.1a: Neodymium isotopic composition of fish tooth samples 
 
   a) b) c) d) e) f) 
Sample Name Sample Depth (mbsf) 
Age (Ma) 
(CK95) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
Fish Teeth         
105-647A-27R-1-083 250.48 33.25 0.512083 0.000014 -10.8 0.2 0.132 -10.6 
105-647A-27R-1-18.54 250.59 33.25 0.512148 0.000010 -9.6 0.2 0.132 -9.3 
105-647A-27R-1-364 250.76 33.26 0.512131 0.000010 -9.9 0.2 0.132 -9.6 
105-647A-27R-1-884 251.28 33.27 0.512126 0.000008 -10.0 0.2 0.132 -9.7 
105-647A-28R-1-183 260.28 33.56 0.512074 0.000012 -11.0 0.2 0.132 -10.7 
105-647A-28R-1-364 260.46 33.56 0.512134 0.000012 -9.8 0.2 0.132 -9.6 
105-647A-28R-1-674 260.77 33.57 0.512123 0.000010 -10.0 0.3 0.132 -9.8 
105-647A-28R-2-243 261.85 33.61 0.512052 0.000010 -11.4 0.4 0.134 -11.2 
105-647A-28R-2-354 261.95 33.61 0.512118 0.000010 -10.1 0.3 0.132 -9.9 
105-647A- 28R-2-1364 262.97 33.64 0.512135 0.000012 -9.8 0.3 0.132 -9.5 
105-647A-28R-3-112.54 264.23 33.68 0.512143 0.000012 -9.7 0.2 0.132 -9.4 
105-647A-28R-4-314 264.91 33.70 0.512116 0.000012 -10.2 0.2 0.132 -9.9 
105-647A- 28R-4-43.54 265.04 33.71 0.512123 0.000010 -10.1 0.2 0.132 -9.8 
105-647A-28R-4-535 265.14 33.71 0.512156 0.000012 -9.4 0.2 0.132 -9.1 
105-647A-30R-1-239 279.61 34.22 0.512142 0.000008 -9.7 0.3 0.132 -9.4 
105-647A-30R-1-114.56 280.55 34.25 0.512152 0.000012 -9.5 0.2 0.132 -9.2 
105-647A-30R-2-642 281.50 34.28 0.512096 0.000010 -10.6 0.3 0.132 -10.3 
105-647A-30R-2-1046 281.94 34.30 0.512153 0.000010 -9.5 0.2 0.132 -9.2 
105-647A-30R-4-626 284.52 34.39 0.512156 0.000012 -9.4 0.2 0.132 -9.1 
105-647A-30R-5-636 286.03 34.44 0.512172 0.000010 -9.1 0.3 0.132 -8.8 
105-647A-30R-6-467 287.36 34.49 0.512132 0.000008 -9.9 0.2 0.132 -9.6 
Claire Eva Huck, Ph.D Thesis, 2014 	  
	   101 
Sample Name Sample Depth (mbsf) 
Age (Ma) 
(CK95) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
105-647A-31R-1-5.58 289.05 34.55 0.512160 0.000008 -9.3 0.2 0.132 -9.0 
105-647A-31R-1-45.57 289.46 34.56 0.512127 0.000010 -10.0 0.2 0.132 -9.7 
105-647A-31R-1-1057 290.05 34.58 0.512136 0.000010 -9.8 0.2 0.132 -9.5 
105-647A-31R-1-1367 290.36 34.59 0.512155 0.000008 -9.4 0.2 0.132 -9.1 
105-647A-31R-2-55/11 291.05 34.62 0.512109 0.000012 -10.3 0.3 0.129 -10.0 
105-647A-31R-2-55/21 291.05 34.62 0.512116 0.000014 -10.2 0.3 0.132 -9.9 
105-647A-31R-2-637 291.13 34.62 0.512138 0.000006 -9.8 0.2 0.132 -9.5 
105-647A-32R-2-797 300.89 34.96 0.512131 0.000008 -9.9 0.2 0.132 -9.6 
105-647A-33R-2-45.58 310.25 35.29 0.512131 0.000010 -9.9 0.2 0.132 -9.6 
105-647A-33R-2-642 310.64 35.30 0.512110 0.000012 -10.3 0.3 0.132 -10.0 
105-647A-46R-1-19/11 433.90 39.51 0.512102 0.000012 -10.5 0.3 0.132 -10.1 
105-647A-46R-1-19/21 433.90 39.51 0.512119 0.000012 -10.1 0.3 0.132 -9.8 
105-647A-61R-1-292 579.09 43.29 0.512100 0.000016 -10.5 0.3 0.132 -10.1 
105-647A-64R-3-322 620.82 48.46 0.512007 0.000012 -12.3 0.3 0.132 -11.9 
a) Measured Nd isotopic composition normalised to JNdi 143Nd/144Nd value of 0.512115 (Tanaka et al., 2000). For normalising we used the average values on 
the day given in Table 4.1b. 
b) Internal 2σ standard error of the measurements 
c) εNd values are calculated relative to CHUR value of 0.512638 (Jacobsen and Wasserburg, 1980) 
d) External errors are the 2σ standard deviations derived from repeat analysis of the JNdi standard in measuring sessions as specified in Table 4.1b. 
Uncertanties plotted in figures are 2σ S.E. or 2σ S.D, dependant on which one is larger. 
e) 147Sm/144Nd ratio calculated from direct measurement. Where no value was avaliable, an average value of 0.132 from all measured samples was used and 
is in italics. 
f) εNd(t) values calculated using values from column e and CHUR values of 143Nd/144Nd 0.512638 and 147Sm/144Nd 0.1966 from Jacobsen and Wasserburg, 
1980 
/1 denotes uncleaned sample subject to cleaning with only MQ water and methanol 
/2 denotes cleaned sample subject to full oxidative-reductive cleaning protocol 
n refers to measurement session in Table 4.1b 
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Table 4.1b: Measurement session details 
 
Sample 143Nd/144Nd ± 2 S.E. n 
Fish teeth    
119th August 2012 0.512251 0.000015 14 
212th November 2012/1 0.512089 0.000008 9 
312th November 2012/2 0.512060 0.000008 9 
430th November 2012 0.512096 0.000011 14 
51st December 2012/1 0.512066 0.000012 11 
61st December 2012/2 0.512086 0.000014 8 
728th May 2013/1 0.512134 0.000010 18 
828th May 2013/2 0.512129 0.000009 8 
916th July 2013 0.512122 0.000014 25 
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The average 143Nd/144Nd JNdi ratio used for offset correction and 2σ is given for the session 
and the number of measurements this value is based on is reported for fish tooth samples. 
 
4.5 Discussion 
 
To interpret the EOT Nd isotope seawater record from ODP Site 647, we will have to 
consider (i) the geology of the surrounding land masses, (ii) the tectonic history of the 
North Atlantic, and (iii) potential/known Nd isotopic compositions of contributing water 
masses during the Cenozoic. 
 
4.5.1 Regional geology 
 
Neodymium isotopes in seawater are strongly governed by the continental source 
area the Nd is derived from (e.g., Jeandel et al., 2007). Hence the study of regional 
geology in past times, when we no longer know where deep and/or intermediate 
water formation happened, is vital to interpreting seawater Nd isotope signatures. For 
example the existence of a regional warm, saline bottom water mass formed in the 
area around Demerara Rise in the southern equatorial Atlantic (9°2.9168’N and 
54°19.0384’W) during large parts of the late Cretaceous could be identified as its Nd 
isotopic composition fingerprints the old Brazilian Guyana shield (MacLeod et al., 
2008; MacLeod et al., 2011; Martin et al., 2012).	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North America and western Greenland 
The geology of the continents surrounding the North Atlantic basin has been 
extensively studied and is well constrained (see Hoffman (1988 for a detailed 
description). Figure 4.3 shows the main geological terrains around the North Atlantic, 
as well as Nd isotopic compositions of marine core top sediments. North American 
bedrock consists of a number of geological terranes, which differ in their age 
structure. The oldest part of the Canadian Shield, the Superior Province, is exposed 
south and east of Hudson Bay (see Figure 4.1 for location). To the north, east and 
west, Proterozoic rocks of the Churchill Province are exposed, which are a result of 
reworking of Archean and Paleoproterozoic crust (e.g., Downing and Hemming, 
2012). As both of these geological units can be traced across the Labrador Sea to 
the Greenland margins, it is a safe assumption to make that the Nd delivered to 
Baffin Bay and the north Labrador Sea has always been very unradiogenic in nature 
(i.e. low εNd values). This is also reflected in the composition of sediments deposited 
in the Hudson Strait, Baffin Bay, and the northern Labrador Sea (Innocent et al., 
1997; Farmer et al., 2003; Fagel et al., 2004; Downing and Hemming, 2012; Figures 
4.1 and 4.3). To the south of the Churchill Province we can find the Proterozoic 
Grenville Province and the Paleozoic Appalachian Province. As these terranes are 
younger in age, they are characterized by a more radiogenic Nd isotopic 
composition, which is reflected in the composition of the sediments deposited on the 
shelf in front of the Gulf of St Lawrence (Grousset et al., 2001) (Figs. 4.1 and 4.3). 
 
Northern Europe and eastern Greenland 
The geology of Iceland reflects the presence of a mantle plume, which has emplaced 
large areas of young volcanics since the early Cenozoic (~60Ma) and dominates the 
isotopic composition of the outcrop (Schilling, 1973; Taylor et al., 1997; Bijwaard and 
Spakman, 1999; Kempton et al., 2000). Southeast Greenland and much of Norway 
and Sweden are composed of distinct Proterozoic terranes, with the remaining areas 
in Norway, north eastern Greenland and much of western Europe composed of 
Paleozoic rock. The only exposed Archaean terrain in the northeastern part of the 
North Atlantic can be found in Scotland and additionally in northern France (Figure 
4.3). The Nd isotopic composition of surface sediments in this part of the North 
Atlantic is overall more radiogenic (εNd > -12) reflecting the provenance from younger 
volcanic areas and Palaeozoic bedrock. 
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4.5.2 Tectonic evolution of North Atlantic basins 
 
By the EOT, the tectonic arrangement of the continents and major ocean basins in 
the North Atlantic was spatially similar to the modern day configuration, but differed 
in terms of the depth of basin connections. This is an important consideration as 
these connections influence the flow paths of deep water masses. 
 
Labrador Sea and Baffin Bay 
Earliest estimates of the opening of the Labrador Sea based on seismic data and 
magnetic modeling reached from Cretaceous to Paleocene in age (Gradstein and 
Srivastava, 1980; Roest and Srivastava, 1989; Chalmers and Laursen, 1995). More 
recent work by Dickie et al. (2011), based on a compilation of available seismic data, 
tied in with biostratigraphic constraints from drill holes, clearly supports a Cretaceous 
opening. The Davis Strait, which separates Baffin Bay from the Labrador Sea, is 
currently 700m deep (e.g., Srivastava et al., 1981) (Fig. 4.1). The sill had established 
	  	  
Figure 4.3: Compilation of neodymium isotopic composition of seafloor sediments (Innocent et al., 1997; 
Grousset et al., 2001; Farmer et al., 2003; Hemming, 2004; Downing and Hemming, 2012) and 
generalised geologic ages (after Gwiazda et al., 1996a) for the North Atlantic. ODP Site 647 denoted by 
the white star. Black geological areas are represent unshaded background. Present day tectonic 
confirguration made using GeoMapApp.	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this minimum depth by the early Eocene, (e.g., Rasmussen and Sheldon, 2003; 
Skaarup et al., 2006), although evidence for widespread transgression during this 
time means that the sill may have been deeper during the Eocene (Gradstein and 
Srivastava, 1980). 
 
Greenland-Iceland-Norwegian (GIN) Seas 
The GIN Seas have a complex tectonic history that likely began in the Carboniferous 
and continued through three sustained periods of activity, the last of which was in the 
early Eocene (Blystad, 1995; Brekke, 2000; Eldholm, 2002; Olesen et al., 2007). The 
connection between the GIN seas and the Arctic Ocean via the Fram straight (Fig. 
4.1) was established by the EOT, but was most probably a shallow connection until 
the early Miocene (Engen et al., 2008). 
 
Greenland-Scotland Overflow Ridge 
The Greenland-Scotland overflow ridge (GSR) is here defined as the elevated 
(<500m water depth) seafloor bridge that spans from eastern Greenland via Iceland 
to northern Scotland (Fig. 4.1). This crucial ridge separates the GIN seas from the 
North Atlantic basin and exerts a strong control on the potential for deep water to 
enter the North Atlantic. The three main channels, through which deep water can 
flow today, are the Faeroe Shetland Channel, the Iceland-Faeroe Ridge and the 
Denmark Strait (see Figure 4.1). Current water depths of the channels along the sill 
are between 500 and 850m meaning that water flow over the ridge and through the 
channels is highly sensitive to interruption due to small scale fluctuations in sill depth 
(e.g., Thiede and Eldholm, 1983; Wright and Miller, 1996; Poore et al., 2006). The 
evolution of the GSR has been controlled by temperature fluctuations in the Iceland 
Plume, resulting in increased swelling of the crust underneath the ridge (Wright and 
Miller, 1996). Long term cooling has not been constant, and therefore water mass 
flow patterns over the ridge may have been intermittent through times of deepening 
and shoaling, particularly of the Iceland-Faeroe Ridge and the Denmark Straits. It is 
possible that these two channels were above sea level until the middle Miocene 
(Poore et al., 2006). Seismic and biostratigraphic data from the Faeroe Shetland 
Channel however, suggest that it was open and relatively deep by the early 
Oligocene (Davies et al., 2001).  
 
As the relative supply of water from the GIN and the Labrador Seas to the North 
Atlantic basin sets the Nd isotopic composition of NADW today, a better 
understanding of the presence of each of these water masses during the Eocene in 
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response to open or closed tectonic gateways can be gained by reconstructing the 
Nd isotopic composition of seawater at ODP Site 647. 
 
4.5.3 Evolution of Atlantic Ocean deep water circulation in the Cenozoic 
 
Figure 4.4 shows a summary of the data published to date on the long-term Nd 
isotope evolution of seawater in the North and South Atlantic and the Southern 
Ocean from the Eocene to the Miocene, which we will discuss below in more detail. 
Site locations are shown in Figure 4.5 on a tectonic reconstruction from 40Ma. 
 
From 50 to ~43 Ma the sparse data available for deep and intermediate waters in the 
North Atlantic, South Atlantic, and Southern Ocean indicate a relatively uniform Nd 
isotopic composition with εNd values ranging between -9.0 and -10.5 (Burton et al., 
1997; Scher and Martin, 2004, 2006; Via and Thomas, 2006; Scher and Martin, 
2008), which is similar to the data observed at ODP Site 647 around 43 to 40Ma (εNd 
= -10.1). In detail, Southern Ocean waters were characterized by Nd isotopic 
compositions between -9.0 and -9.7 (Scher and Martin, 2004, 2006, 2008), a 
signature, which has been interpreted as the fingerprint of deep water formation in 
the Southern Ocean (i.e. ‘Southern Component water’, SCW). A uniform Nd isotopic 
composition of Southern Ocean deep waters in general during the Eocene is 
furthermore indicated by new data presented in Chapter 3 (not shown in Figure 4.2), 
which yield εNd values of -8.8 to -10.0 for various DSDP, ODP and IODP sites from 
the Indian Ocean and Pacific sectors of the Southern Ocean in the early to middle 
Eocene. Only data from the Demarara Rise (western equatorial Atlantic; not shown in 
Figure 4.4) extend to less radiogenic values, due to the prevalence of locally sourced 
bottom water (εNd = -11.8 to -12.8; MacLeod et al., 2008; 2011; Martin et al., 2012). In 
addition a limited Nd isotope data set from the northwestern Tethys (i.e. northern 
Europe) covers a range of -9.3 to -10.0 (from glauconite (S90; Fig. 4.5); Stille and 
Fischer (1990), and fish tooth and debris analyses (G87; Fig. 4.5); Grandjean et al. 
(1987) between 45 and 39Ma.
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Figure 4.4: Comparison of neodymium isotopic compositions of fish teeth extracted from ODP Site 647 
and other Atlantic and Southern Ocean fish teeth and ferromanganese crust records with (A) the global 
benthic δ18O record (Zachos et al. 2008), (B) over the Greenhouse to Icehouse climate transition, and 
(C) focussed on the Eocene-Oligocene transition. Data in panel B is as follows: North Atlantic data 
produced from this study - ODP Site 647, Southern Ocean range is based on fish teeth Nd isotope data 
from ODP Site 1090 (Scher and Martin, 2008) and ODP Site 689 (Scher and Martin, 2004). Southeast 
Atlantic Nd isotope range was produced using data from ODP Sites 1262, 1263 and 1264 (Via and 
Thomas, 2006). The northwest Atlantic data are based on analyses of ferromanganese crusts 
BM1969.05 (Burton et al., 1997), ALV539 (O’Nions et al., 1998). Equatorial Atlantic data from analyses 
of ferromanganese crust ROM46 (Frank et al., 2003). Tethys Ocean data range taken from Stille et al. 
(1990) and Grandjean et al. (1987).	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The Tethys was a shallow ocean by the late Eocene (~35 Ma; Allen and Armstrong, 
2008) meaning that the Nd isotopic composition of water within the widespread 
shallow basins was strongly influenced by surrounding geology. Although a range of 
recorded Nd isotopic compositions exist for the overall Tethys region (from εNd = -6.8 
to -17.0; see Pucéat et al. (2005) and Soudry et al. (2006) for full compilations), we 
here use data from the north western region only (Figure 4.4), as the most proximal 
drainage basin to the North Atlantic during the Eocene and Oligocene. Much of the 
European Tethys was surrounded by continental crust with a Nd isotope value of       
-10.0 to -12.0 (Stille et al., 1996; Figure 4.3) and so it seems logical to assume that 
even towards the narrowing of the seaway during the Eocene, any water flowing to 
the Atlantic would carry a similar signature. Estimates for a complete closure of the 
Tethys range from the early Oligocene to the middle Miocene (Woodruff and Savin, 
1989; McQuarrie et al., 2003; Allen and Armstrong, 2008), which means it was a 
potential source region to the North Atlantic during our study period.  
 
The middle Eocene marks the endpoint of this observed early Cenozoic homogeneity 
of Atlantic and Southern Ocean water masses and the individual ocean sectors begin 
 
Figure 4.5: Locations of ODP Site 647 and other sites from literature on 40Ma tectonic 
reconstruction (made using odsn.de).	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to diverge. While the North Atlantic remains the most unradiogenic, the SE Atlantic 
and Southern Ocean records show a large shift towards more radiogenic values (εNd 
= -9.2 to -5.1; Scher and Martin, 2004, 2006; Via and Thomas, 2006; Scher and 
Martin, 2008; Figure 4.4). By the end of the Eocene, we can see a gradient over 6.5 
εNd units, which most likely represents a large-scale reorganization of global ocean 
circulation patterns, intrinsically linked to the trend of global cooling initiating after the 
peak warmth of the middle Eocene (Fig. 4.4).  
 
What becomes obvious from looking at Figure 4.4 is that from 50 to 15 Ma the most 
negative source of water remains in the North Atlantic, inferring either the existence 
of a separate, northern sourced water mass or an additional input of a more negative 
sediment source influencing the Nd composition of deep and intermediate waters in 
the North Atlantic. The fact that the εNd values of southern component waters (SCW) 
trend towards more radiogenic values, and that this trend is not seen in the North 
Atlantic, excludes the possibility that the dominating transport path of deep waters in 
the Atlantic Ocean during the early Cenozoic was from south to north. The lower εNd 
values in late Eocene and early Oligocene seawater in the South Atlantic and 
Southern Ocean has been interpreted as the onset of influx of radiogenic water from 
the Pacific Ocean to the Southern Ocean in the late Eocene (e.g., Scher and Martin, 
2004; Stickley et al., 2004). Deep waters in the Pacific Ocean carried a remarkably 
constant Nd isotopic composition throughout the entire Cenozoic (εNd = -2.5 to -5.5; 
e.g., Frank, 2002; Thomas, 2004; van de Flierdt et al., 2004). Entrainment of these 
waters, increased upwelling in the Southern Ocean, and ultimately the onset of the 
Antarctic Circumpolar Current (ACC) as Southern Ocean gateways opened and 
deepened, lead to a modern-like large scale circulation patterns in the Oligocene 
(Scher and Martin, 2008).  
 
The timing of the initiation of North Atlantic deep water production as we know it 
today is still discussed. While Thomas and Via (2007) suggest that LSW was 
produced from the Miocene onwards, a recent study by Borrelli et al. (2014) using 
benthic foraminifer δ18O and δ13C from Blake Nose, western North Atlantic, suggests 
that it began much earlier in the middle Eocene. Our data, which come from a 
proximal location however, suggest that LSW was not being produced over the late 
Eocene to early Oligocene, as the Nd isotopic composition of the seawater at Site 
647 does not reach the characteristically unradiogenic compositions expected from 
either LSW or NADW (e.g., εNd values of -13.5 or lower; see Figure 4.2). 
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4.5.4 Water masses at ODP Site 647 across the EOT 
 
After reviewing the literature in terms of continental source areas for Nd, tectonic 
evolution of the North Atlantic, and long term water mass evolution in the Atlantic and 
Southern Ocean, we are now in the position to interpret the new Nd isotope record 
from ODP Site 647.  
 
Neodymium isotopic compositions from -8.8 to -11.2 at ODP Site 647 for the middle 
Eocene to early Oligocene fall across the range of values reported for the North 
Atlantic and the SE Atlantic at the time and those that are inferred for the Tethys in 
the absence of data for the exact time interval. As outlined above, a ventilation of the 
North Atlantic from the Southern Ocean during the late Eocene is hard to reconcile 
as the Southern Ocean endmember composition changes quite dramatically in the 
late Eocene, which is not accompanied by changes in the North Atlantic (Figure 4.4). 
Interestingly, the baseline Nd isotopic composition of fish teeth from ODP Site 647 is 
the same within error before and after the EOT, suggesting two possibilities. Firstly, 
there was no change in ocean circulation patterns in the North Atlantic basin during 
the EOT, or secondly, the similarity of the Nd isotopic composition of different water 
masses in the region prevents us from observing any changes using this approach 
alone.  
 
The ventilation of the North Atlantic basin by a cooler water mass to ODP Site 647 
over the EOT is suggested by Kaminski et al. (1989), and by Coxall et al. (in prep) 
based on the observation of large scale changes in foraminifer assemblages from 
agglutinated species, assumed to represent poorly oxygenated warm water, to 
carbonate-rich species in the earliest Oligocene, representing a colder, more 
oxygenated water mass, and a convergence of the benthic δ18O record at Site 647 
with global values (e.g. values differ from the global compilation for the Eocene). This 
interpretation is supported by the same assemblage change and the onset of drift 
deposit growth seen in the Faeroe Shetland Channel at the same time by Davies et 
al. (2001) and simultaneous drift deposit growth at in the Rockall Trough (Stow and 
Holbrook, 1984). Large increases in carbonate content of the sediments are also 
observed at the EOT on the western side of the North Atlantic in the Newfoundland 
Drifts (Norris et al., 2012). The location of these changes suggests an initiation of 
water flow, originating from the GIN Seas at the earliest Oligocene, the composition 
of which, (based on modern day measurements (Lacan and Jeandel, 2005a)), is 
consistent with our Nd isotope data. While other source regions such as the Tethys 
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probably had a similar Nd isotopic composition to the GIN Seas, and may have 
provided a warmer water mass to the basin before the EOT, we do not have enough 
data to support this theory at present and further work is needed to define the origin 
of the water masses in the North Atlantic particularly before the EOT if any change in 
circulation is to be uncovered. 
 
An important finding of this chapter is that the εNd values at ODP Site 647 do not 
reach modern day NADW values of ~-13.5 (Piepgras and Wasserburg, 1987) after 
the EOT, which suggests the absence of LSW in the mix of waters that formed 
Northern Component Waters (NCW) at the time. As can be seen in Figure 4.3, it is 
only in the Labrador Sea where water masses can obtain a very negative Nd isotopic 
composition. LSW is currently formed from convective mixing during winter times 
(Marshall and Schott, 1999) and is very sensitive to changes in the density of surface 
waters. Hillaire-Marcel et al. (2001) showed that LSW formation was already unable 
to occur in the last interglacial due to enhanced freshwater export from the Arctic, so 
it seems unlikely that LSW would have been to form during the early Oligocene, 
when temperatures were higher still. This conclusion is supported by the work of 
Burton et al. (1997) and Thomas and Via (2007), who suggest that modern-like 
NADW only began to form after the middle Miocene transition, which marks another 
cooling step in the Cenozoic climate transition. 
 
4.5.5 Short term variability at ODP Site 647 across the EOT 
 
The second striking feature of the new seawater Nd isotope record produced from 
ODP Site 647 is a series of sharp excursions towards more negative εNd values 
(Figure 4.2). It is unlikely that these represent pulses of strengthened export of deep 
waters from the GIN seas as the isotopic composition of the excursions is too 
negative. We interpret them to mark times of increased flux of erosional runoff from 
the old continents surrounding the North Atlantic basin. In a modern ocean study, 
Lacan and Jeandel (2005a) have stated the importance of interaction of shelf 
sediments with ambient seawater in the process of creating the Nd isotope fingerprint 
of NADW, and Figure 4.3 illustrates that there are plenty of source regions around 
the basin which have the potential to shift sea water values to more negative εNd 
values. Furthermore, at other locations it has been shown that short term weathering 
pulses have the potential to cause perturbations in the Nd composition of sea water 
in response to changing climates and cooling conditions leading to more erosion of 
the continent (Scher et al., 2011). Future studies on the recently drilled sites on the 
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Newfoundland Drifts will probably reveal the nature of such events in more detail, as 
already indicated by the surprising find of possible ice rafted debris at the EOT 
(Norris et al., 2012). 
 
4.6 Conclusions 
 
We have presented the first Eocene-Oligocene transition seawater Nd isotope record 
from the North Atlantic Ocean in order to address the question of whether any 
fundamental changes in deep water circulation occurred at this climatically important 
transition in Earth’s history. Our data show no change across the EOT interval, which 
may indicate no change in the ocean circulation patterns in the North Atlantic during 
this climatically important time interval. However, the similarity of the Nd composition 
of potential end members in the North Atlantic region during the early Cenozoic and 
results from our study complicate the assignment of source water masses and may 
obscure potential changes in the record. However, by coupling Nd isotope results 
with sedimentological and biotic data from a number of sites across the North 
Atlantic, we may interpret a switch across the transition which may represented by 
the change from a warmer water mass dominating in the earlier parts of the Eocene, 
one possibility being the Tethys ocean, to the onset of NCW flow into the North 
Atlantic, potentially from the GIN Seas in the earliest Oligocene, both of which have a 
very similar Nd isotopic composition. The location of our study site, ODP Site 647, is 
ideally suited to track the evolution of deep water circulation in the North Atlantic, and 
extending the record further into the Oligocene may provide insight into the final 
establishment of North Atlantic deep water as we know it today, in particular the 
onset of production of LSW, and its interplay with climate and ice sheet evolution in 
the North. 	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Chapter 5 
 
Using neodymium isotopes in marine 
sediments to investigate Antarctic ice 
sheet variability during the Oligocene 
 
 
 
 
The data in this chapter has been produced and interpreted in collaboration with T. 
van de Flierdt (Imperial College London, UK), S. Bohaty (University of Southampton, 
UK), U. Röhl (MARUM, Germany), G. Hole (University of Oxford, UK), G. Lee 
(Imperial College London, UK) and the Expedition 318 Scientists 
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5.1 Introduction 
 
The Eocene-Oligocene Transition (EOT; ~34Ma) marks the most fundamental switch 
in climate of the last 65Myr from the warm and generally ice-free ‘Greenhouse’ 
conditions of the Eocene (55 – 34Ma), to the heavily glaciated ‘Icehouse’ of the 
Oligocene (34 – 24Ma). The rapid growth of the Antarctic ice sheet at the EOT is 
recorded by a synchronous deepening calcite compensation depth and decrease in 
temperature of the deep oceans (Zachos et al., 2001; Coxall et al., 2005), as well as 
declining atmospheric CO2 levels (DeConto and Pollard, 2003; DeConto et al., 2008; 
Pagani et al., 2011), the opening of critical Southern Ocean gateways (Stickley et al., 
2004) and large scale reorganization of marine biota (Diester-Haass and Zahn, 1996; 
Dunkley Jones et al., 2008; Houben et al., 2013). Evidence for the presence of a 
large ice sheet on the Antarctic comes from layers of ice rafted debris (IRD) in 
marine sediments (Zachos et al., 1992; Barker et al., 2007) and a change in the 
mineralogy of terrigenous clays delivered to the Southern Ocean from smectitie to 
illite dominated (Mackensen and Ehrmann, 1992), implying a switch from chemical to 
physical weathering on the continent.  
 
Although the Icehouse conditions initiated at the EOT remain to the present day, 
variability in deep-sea δ18O, particularly during the Oligocene, are interpreted as 
large changes in ice volume from a dynamic ice sheet which could account for as 
much as 25 – 70m of sea level change (Miller et al., 1998; Kominz and Pekar, 2001; 
Pekar et al., 2002). This theory is opposed by modeling studies, which conclude that 
in particular the East Antarctic ice sheet (EAIS) remained stable during this time 
(Deconto and Pollard, 2003). The Oligocene experienced a range of atmospheric 
CO2 conditions (400 - 1000ppm; Pagani et al., 2005; 2011), similar to modern day to 
predicted future values, and the response of the polar ice sheets to these fluctuations 
as well as their contribution to the observed deep sea δ18O record is a vital problem 
to understand if we are to better predict the potential changes in the future. What is 
lacking in the current record is a link between the terrestrial and marine realms to tie 
the location and magnitude of ice sheet growth and retreat to global climate change. 
This problem is partly due to the scarcity of well-recovered and dated cores in 
suitable locations at high latitudes.  
 
The dynamic behavior of ice sheets in both the Northern and Southern Hemisphere 
has been traced using the neodymium (Nd) composition of marine sediments as a 
provenance tool, to fingerprint the originating location onland (e.g., Fagel et al., 2004; 
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Colville et al., 2011; Pierce et al., 2011; Cook et al., 2013). This approach relies on 
the fact that the radiogenic isotopic composition of Nd (143Nd/144Nd ratio, where 143Nd 
is derived through the decay of 147Sm with a half-life of 1.05x1011yr) varies as a 
function of age and lithology in geological terrains. A key observation is that the 
continental Nd isotope signature is typically not altered during the process of 
continental erosion and weathering (e.g., Goldstein and Hemming, 2003), enabling 
us to infer the origin of detrital marine sediments through knowledge of the 
outcropping bedrock. 
 
Here we use the Nd isotopic composition obtained on a low resolution record of 
Eocene (54 – 46Ma) to Oligocene (34 – 26Ma) aged bulk sediments from the 
continental shelf (Eocene) to slope (Oligocene) of East Antarctica to discuss ice 
extent and erosional patterns during this time period. We furthermore present the first 
high resolution study of sedimentary Nd isotopes for the early Oligocene to 
investigate the effect of orbitally-paced forcing over a 405 kyr time period in order to 
tackle the question whether the Oligocene East Antarctic ice sheet was dynamic in 
nature or not. 
 
5.2 Regional geology 
 
The geological history of Antarctica is very diverse and spans almost all of Earth’s 
history. While East Antarctica is characterised by remnants of Archean cratons and 
metamorphosed mobile belts created mainly during the Grenville (~1300 to ~900 
Ma), Pan-African (~650 to 500Ma) and Ross (550-400Ma) orogenies, West 
Antarctica is an agglomeration of younger (Phanerozoic) tectonic terranes and even 
entails areas of active volcanism (e.g., Tingey, 1991).  
 
Today about 97% of the Antarctic continent is covered by a permanent ice sheet, so 
sparse outcrops along the coastline are the only direct evidence for the underlying 
geology. To increase our knowledge of Antarctic bedrock geology, a number of 
indirect techniques can however be employed, such as the analysis of proximal 
marine coretop sediments, shown to have a very close relationship to their onland 
counter parts (e.g., Roy et al., 2007), and geophysical surveys, which infer bedrock 
composition by using airborne data to match observations from exposed bedrocks to 
those from subglacial locations (e.g., Ferraccioli et al., 2009; Aitken et al., 2014). In 
particular Nd isotope data from exposed outcrops and proximal marine sediments 
have been compiled in a number of recent studies (Roy et al., 2007; van de Flierdt et 
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al., 2007; e.g., Pierce et al., 2011; Cook et al., 2013) and allow for different 
geological regions on the continent to be categorized by their isotopic composition. A 
summary of this work is presented in Figure 5.1, giving average onland ranges and 
specific marine sediment values from Northern Victorian Land (NVL) at 175°E to the 
western edge of Wilkes Land (WL) at 100°E. We also include potential subglacial 
bedrock Nd isotopic compositions and associated subglacial basins identified in 
recent aeromagnetic data (Ferraccioli et al., 2009; Aitken et al., 2014) 
 
 
 
 
 
Figure 5.1: Neodymium isotopic composition of exposed and inferred Antarctic source rock lithologies, 
offshore marine sediments, and study site U1356 (adapted from Cook et al., 2013). Grey and white 
areas of base map correspond to basins and highlands respectively. Different geological regions are 
identified as follows: Northern Victoria Land (NVL) and the Trans-Antarctic Mountains (TAM), George V 
Land (GVL), Adélie Land (AL), and Wilkes Land (WL). Geological faults (black stippled lines), inferred 
subglacial geology and basins (blue stippled lines) are from Aitken et al. (2014). CWSB – Central Wilkes 
Subglacial Basin, WWSB – West Wilkes Subglacial Basin (note CWSB and WWSB together form the 
Wilkes Subglacial Basin (WSB)), AISB – Astrolabe Subglacial Basin, SSB – Sabrina Subglacial Basin. 
BH – Bunger Hills, WI – Windmill Islands. 
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From east to west, the following regions can be distinguished:  
• Wilkes Land (WL) (100-135°E) is the least well-characterized region in the 
study area. The two exposed outcrops at Bunger Hills (BH) and Windmill 
Islands (WI) are Proterozoic charnockites and metasediments, which yield εNd 
compositions of ~-20 (Sheraton et al., 1990), and ~-16 (Möller et al., 2002) 
respectively, (where εNd describes the deviation of the 143Nd/144Nd ratio 
measured in a sample from that of the chondritic uniform reservoir (CHUR) in 
parts per 10,000; DePaolo and Wasserburg, 1976). Aeromagnetic data from 
the region suggests that both lithologies extend further inland (Aitken et al., 
2014). Whereas the BH geology is contained by the inferred Totton Fault and 
the highlands between there and the coastline, the extensive Sabrina 
Subglacial Basin (SSB) occupies the location of the suggested inland WI 
metasediments. Limited marine sediments offshore from this region show a 
Nd isotopic range of -12.3 to -14.3 (Roy et al., 2007; Pierce et al., 2011).  
• WL is separated from the Archean basement of the Adélie Land (AL) craton 
to the east by the proposed Frost Fault at ~130°E (Aitken et al., 2014). AL is 
characterized by Nd compositions of -20 to -29 (Peucat et al., 1999), which 
potentially extend inland through the highlands (Aitken et al., 2014). These 
very unradiogenic values are also found in the corresponding offshore 
sediments (Roy et al., 2007; van de Flierdt et al., 2007; Pierce et al., 2011; 
Cook et al., 2013; this study) 
• The Mertz Fault and Mertz Shear Zone separate the extremely old Archaean 
rocks of AL from the younger Lower Paleozoic terranes of George V Land 
(GVL). Lower Paleozoic granitoids and metasediments outcrop directly 
between the Ninnis and Mertz Glaciers, at the mouth of the Western Wilkes 
Subglacial Basin (WWSB), as well as to the eastern flank of GVL. Although 
no direct Nd data exist for these outcrops, they have the same U-Pb zircon 
ages as large areas of Lower Paleozoic rocks in the Trans-Antarctic 
Mountains (TAM) and in Northern Victoria Land (NVL), which have 
corresponding Nd isotope compositions of εNd = -10 to -19) (Goodge and 
Fanning, 2010). As proximal marine sediments reveal a similar compositional 
range of -11 to -14 (Pierce et al., 2011), we infer these values to be 
representative for the lower Paleozoic granitoids.  
• In the central region of GVL, (~147°E) two outcrops of the Beacon 
Supergroup can be found, constituted by a sequence of Devonian to 
Cretaceous sediments (Barrett, 1981), intruded by Jurassic to Cretaceous 
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basaltic and doleritic sills, known as the Ferrar Large Igneous Province (FLIP) 
(e.g., Elliot and Fleming, 2008). No Nd data exists for the Beacon 
Supergroup, but the FLIP is well characterized with values of -3.5 to -6.9 (see 
recent summary in Cook et al. (2013)). This lithology is thought to extend into 
large areas of the Wilkes Subglacial Basin (WSB) (consisting of the Central 
Wilkes Subglacial Basin (CWSB) and the Western Wilkes Subglacial Basin 
(WWSB), see Figure 5.1) from the coastline (Ferraciolli et al. 2009), and in 
particular to dominate the current bedrock of the CWSB. FLIP and Beacon 
Supergroup lithologies make up large areas of the Western TAM and NVL, 
adjacent to which are extensive Lower Paleozoic outcrops with Nd 
compositions as outlined above.  
• The youngest geological units found along the margin are the Cenozoic 
deposits of the McMurdo Volcanics. These are characterised by the most 
radiogenic	   Nd compositions in the study area (εNd =  + 8.4 to - 0.1; (Cook et 
al., 2013 and references therein). 
 
5.3 Study site and samples 
 
 
IODP Site U1356 is currently located in ~4000m water depth at 63°18′S and 
135°59′E, and was drilled during Integrated Ocean Drilling Program (IODP) 
Expedition 318 to the Wilkes Land margin in Antarctica (Escutia, 2011). Over 1000m 
of sediments were recovered at this site, with the lowermost 110m consisting of an 
early to middle Eocene section, overlain by a further 400m of Oligocene sediments.  
The Eocene to Oligocene record is interrupted by two large hiatus from ~51 to ~49 
Ma and from ~46 to ~33.6Ma. Early to middle Eocene sediments consist mainly of 
heavily bioturbated silty claystones and claystones, with occasional interbedded 
sandstones and conglomerates found in the middle Eocene section. The Eocene 
environment is interpreted as a shallow marine shelf with influence from gravity flows 
potentially during deepening events toward the end of the middle Eocene section. 
Oligocene sediments are dominated by green and brown claystones, carbonate 
bearing claystones, occasional micritic limestone layers, and sandstones. The 
depositional environment is interpreted as a hemipelagic to pelagic setting. We have 
applied the biomagnetostratigraphic age model of Tauxe et al. (2012) calibrated to 
the GTS2012 timescale. The dinocyst biostratigraphy is updated following Bijl et al. 
(2013).  
 
Claire Eva Huck, Ph.D Thesis, 2014 	  
	   119 
For this study, a total of 90 samples from the Eocene to Oligocene section of Site 
U1356 were selected at different temporal resolution. The Eocene interval consists of 
20 samples with a spacing of between 100 and 500kyr. The remaining 70 samples 
provide a long term record of the Oligocene between 33.6Ma and 26.2Ma. Forty-five 
of those samples are from a short interval of time (~500kyr) to target orbital 
resolution (~20kyr). 
 
5.4 Methodology 
 
Bulk sediment Nd isotope data was produced using two different approaches: (i) flux 
fusion digestion onboard the research vessel JOIDES Resolution followed by pre iron 
co-precipitation prior to column chemistry completed in the MAGIC labs at Imperial 
College London, and (ii) hotplate dissolution on additional samples processed from 
ground bulk samples at Imperial College London. 
 
5.4.1 Flux fusion and iron co-precipitation 
 
Twenty samples for bulk sediment analyses were initially processed on board the 
JOIDES Resolution during IODP Expedition 318. 5cm3 samples (~ one per core) 
were selected, in discussion with the sedimentologists, to represent major lithologies 
from the Eocene to Oligocene section of Site U1356. Samples were freeze dried, 
homogenized and an aliquot of 100mg was then mixed with 400mg of LiBO4 and 
digested at 1100°C for 10 minutes using an automatic flux fuser (see Escutia (2011) 
for further details). The cooled beads were dissolved in 50ml 10% HNO3. A small 
amount of this solution was used for main and trace element analyses by ICP-AES 
on board the vessel, and the remaining solution was shipped back to Imperial 
College London for further purification. At Imperial College London, the pH of a 20ml 
aliquot of sample solution was adjusted to between 8.0 and 8.5 by the addition of 
concentrated NH3 solution. The precipitate was isolated by repeated centrifugation 
and washes in pH adjusted MQ water. Each sample was then redissolved in 5ml of 
4M HCl, transferred to an acid-cleaned beaker and dried down at 70°C. Samples 
were then taken up in 0.5ml 15M HNO3 and 0.3ml 27M HF and refluxed at 190°C 
before being evaporated at 120°C. This step was repeated multiple times as 
necessary to destroy any silica gel that may have formed during transport and 
storage of original solutions. Samples were then finally taken up in 0.5ml 6M HCl to 
convert any fluorides that may have formed into chlorides. After these preparation 
steps, samples were converted to nitrate form for column chemistry. A standard two-
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stage ion chromatography procedure was used, which first isolated the REEs from 
the sample matrix using TRU Spec resin (100-120µm bead size) and then separated 
Nd from the other REE’s with Ln-Spec resin (50-100µm bead size) (modified after 
Pin and Zalduegui (1997)). 
 
5.4.2 Hotplate dissolution 
 
Between 0.5g and 1.0g of sediment from 70 samples at IODP Site U1356 was 
completely homogenized using a pestle and mortar before ~100mg of sample was 
weighed into an acid-cleaned beaker. Authigenic phases such as carbonate were not 
removed before dissolution as all samples were strongly terrigenous, (>97%), in 
origin (Escutia, 2011). Samples were digested using a mixture of 0.5 ml 20M HClO4, 
1ml 15M HNO3 and 3ml 27M HF, converted to nitrate form, and processed using the 
same column chemistry as outlined above.  
 
All neodymium isotope ratios were measured on a Nu Plasma MC-ICP-MS at 
Imperial College London in static mode. Instrumental mass bias was corrected for 
using a 146Nd/144Nd ratio of 0.7219. Samarium interference can be adequately 
corrected if the 144Sm signal contributes less than 0.1% of the 144Nd signal. The Sm 
contribution in all our samples was well below this level. Chemistry blanks for ship 
board samples were consistently below 300pg Nd, which is less than 0.1% of the 
total Nd present in the samples. Chemistry blanks for samples processed entirely at 
Imperial College London were consistently below 10pg. Replicate analyses of the Nd 
standard JNdi yielded 143Nd/144Nd ratios from 0.511847 ± 0.000021 to 0.512251 ± 
0.000015 (2σ, n=296) dependent on daily running conditions over 37 months (Table 
5.1). External reproducibility of the method was monitored using USGS rock 
standards BCR-1 and BCR-2, which yielded rations of between 0.512651 ± 0.000014 
and 0.512655 ± 0.000022, and 0.512632 ± 0.000016 to 0.512649 ± 0.000016 
respectively, which are identical within error to the ratios published by Weis et al. 
(2006) (BCR1 = 0.512629; BCR2 = 0.512634). To correct for the decay of 147Sm to 
144Nd within the sediments over time we use rare earth element concentrations 
obtained from Eocene aged samples at Site U1356 (Chapter 2). We applied the 
correction using a 147Sm/144Nd ratio of 0.150 to Eocene samples only, as no direct 
measurement of Oligocene aged samples was taken. Furthermore, the correction for 
the younger samples would be within error of existing values and so will not 
statistically alter our results. 
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5.5 Results 
 
Neodymium isotopic compositions for the 90 bulk sediments of Eocene to Oligocene 
ages are displayed in Figure 5.2 and Table 5.1. Within the Eocene section, Nd 
isotopic compositions span a total range of 1.6 epsilon units, from -13.1 to -14.7, with 
an average value of -14.1±1.0. After the 12Myr hiatus that separates the middle 
Eocene from the earliest Oligocene at Site U1356, a jump in this baseline value is 
observed to an εNd value of -12.7 at ~33.6Ma. Neodymium isotopic compositions then 
remain between -12.8 and -10.9 with an average of -12.1±1.2 until 31.6Ma. Sample 
318-U1356A-94R-3-116117S records a value of -13.9 (in brackets, Figure 5.2), and 
is considered to be within a section of reworked Eocene sediment between cores 
95R and 93R identified by Escutia (2011) and Houben et al. (2013), so it is therefore 
excluded from the calculation for an average Oligocene εNd value, which otherwise 
includes all samples between ~33.6Ma to ~31.6Ma. The two ranges recorded above 
are referred to as the Eocene end member and Oligocene end member respectively. 
From ~30.9Ma to 26.2Ma, a further 60 samples show a dynamic fluctuation of Nd 
isotopic compositions in bulk sediments between the two defined end members, with 
notable, unradiogenic peaks with values between -14.4 and -15.9 at ~30.8Ma, 
~29.6Ma, ~28.1Ma and ~27.2Ma (Fig. 5.2). 
 
The high resolution data set of 45 samples, covering ~500 kyrs (Fig. 5.3), reveals a 
longer amplitude fluctuation (~100 kyr) between both endmembers between ~30.82 
and 30.72Ma, values below the Oligocene endmember from 30.66 to 30.60 (εNd = -
11.0±0.6), and a period of less variable Nd isotopic compositions with an average 
value of -11.8±0.8 from ~30.60Ma to ~30.46Ma. Even during this time of relative 
stability in Nd isotopic compositions, very regular short term fluctuations are however 
indicated on the time scale of ~20kyr between the values of -12.4 and -11.2.  We 
should however note that any final description of the observed fluctuations and 
periodicities is awaiting an orbitally tuned aged model for this part of the core (see 
discussion).
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Figure 5.2: Eocene to Oligocene Nd isotope record for Site U1356 plotted against core lithology (Escutia, 2011), clay mineralogy (Bohaty, unpublished data) 
and dinoflagellate data (Bijl et al., 2013). Magnetostratigraphy adapted from Tauxe et al. (2012) and Houben et al. (2013). The average Nd isotopic 
composition of the Eocene (54 – 46 Ma) and early Oligocene (33.6 – 30.9 Ma) is defined by red and blue dashed lines respectively and uncertainties (2 S.D.) 
are illustrated with corresponding shaded boxes. 
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Figure 5.3: High resolution Nd isotope record. Axis on the left indicates a period of ~500kyr. 
Average Eocene and Oligocene Nd end members highlighted with dashed red and blue 
lines and uncertainty bands (2 S.D.) are illustrated with corresponding shaded boxes. 
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Table 5.1a: Neodymium isotopic composition of sediment samples 
 
   a) b) c) d) e) f) 
Sample Name Sample Depth (mbsf) 
Age (Ma) 
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
318-U1356A-73R-2-1314S10 690.97 26.22 0.512025 0.000010 -11.6 0.4 	    
318-U1356A-75R-1-1516S10 708.76 26.73 0.512032 0.000010 -11.8 0.2 	    
318-U1356A-75R-1-123124S10 709.84 26.78 0.511949 0.000008 -13.4 0.2 	    
318-U1356A-75R-3-60649 711.99 26.87 0.511878 0.000010 -13.9 0.2 	    
318-U1356A-76R-1-606410 718.82 27.17 0.511986 0.000012 -14.0 0.2 	    
318-U1356A-76R-3-60649 721.37 27.28 0.511842 0.000010 -14.6 0.2 	    
318-U1356A-76R-4-2223S6 722.42 27.32 0.512014 0.000024 -12.2 0.2 	    
318-U1356A-77R-CC-15199 728.21 27.58 0.511931 0.000010 -12.9 0.2 	    
318-U1356A-78R-1-142143S7 738.83 28.04 0.511946 0.000014 -15.0 0.3 	    
318-U1356A-78R-3-102103S8 741.19 28.15 0.511859 0.000012 -15.9 0.2 	    
318-U1356A-78R-5-50579 743.04 28.23 0.511933 0.000008 -12.8 0.2 	    
318-U1356A-79R-1-59639 747.61 28.43 0.511909 0.000010 -13.3 0.2 	    
318-U1356A-79R-3-56619 750.49 28.56 0.511936 0.000010 -12.95 0.2 	    
318-U1356A-79R-4-99100S9 752.17 28.63 0.511994 0.000024 -12.6 0.2 	    
318-U1356A-79R-5-64686 753.51 28.69 0.511950 0.000010 -12.5 0.2 	    
318-U1356A-82R-1-2930S8 776.10 29.68 0.511939 0.000014 -14.4 0.2 	    
318-U1356A-82R-5-64689 781.79 29.93 0.511990 0.000008 -11.7 0.2 	    
318-U1356A-84R-2-57594 797.06 30.45 0.512022 0.000023 -12.0 0.3 	    
318-U1356A-84R-2-10010412 797.51 30.47 0.512044 0.000021 -11.6 0.2 	    
318-U1356A-84R-2-12012412 797.71 30.47 0.512005 0.000014 -12.3 0.2 	    
318-U1356A-84R-2-14014412 797.91 30.48 0.512048 0.000019 -11.5 0.2 	    
318-U1356A-84R-2-140144R17 797.91 30.48 0.512055 0.000014 -11.4 0.2 	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Sample Name Sample Depth (mbsf) 
Age (Ma) 
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
318-U1356A-84R-3-000412 798.02 30.48 0.512012 0.000021 -12.2 0.2 	    
318-U1356A-84R-3-192312 798.20 30.49 0.512042 0.000017 -11.6 0.2 	    
318-U1356A-84R-3-1923R16 798.20 30.49 0.512036 0.000016 -11.8 0.3 	   	  
318-U1356A-84R-3-384212 798.40 30.50 0.512052 0.000017 -11.4 0.2 	    
318-U1356A-84R-3-606412 798.62 30.50 0.512023 0.000014 -12.0 0.2 	    
318-U1356A-84R-3-10010412 799.02 30.52 0.512000 0.000014 -12.4 0.2 	    
318-U1356A-84R-3-12012414 799.22 30.52 0.512034 0.000013 -11.8 0.2 	    
318-U1356A-84R-3-120124R19 799.22 30.52 0.512013 0.000017 -12.2 0.3 	   	  
318-U1356A-84R-3-14014414 799.42 30.53 0.512024 0.000014 -12.0 0.2 	    
318-U1356A-84R-4-000414 799.51 30.53 0.512060 0.000021 -11.3 0.2 	    
318-U1356A-84R-4-202414 799.71 30.54 0.512023 0.000016 -12.0 0.2 	    
318-U1356A-84R-4-2024R19 799.71 30.54 0.512033 0.000013 -11.8 0.3 	   	  
318-U1356A-84R-4-404414 799.91 30.55 0.512018 0.000019 -12.1 0.2 	    
318-U1356A-84R-4-596314 800.10 30.55 0.512060 0.000018 -11.3 0.2 	    
318-U1356A-84R-4-808416 800.31 30.56 0.512023 0.000011 -12.0 0.3 	    
318-U1356A-84R-4-10010416 800.51 30.57 0.512061 0.000014 -11.2 0.3 	    
318-U1356A-84R-4-100104R19 800.51 30.57 0.512076 0.000014 -11.0 0.3 	   	  
318-U1356A-84R-4-100104D20 800.51 30.57 0.512059 0.000013 -11.3 0.3 	   	  
318-U1356A-84R-4-12012415 800.71 30.57 0.512061 0.000016 -11.3 0.3 	    
318-U1356A-84R-4-14014416 800.91 30.58 0.512022 0.000013 -12.0 0.3 	    
318-U1356A-84R-4-140144R19 800.91 30.58 0.512016 0.000013 -12.1 0.3 	    
318-U1356A-84R-5-000417 801.01 30.58 0.512032 0.000015 -11.8 0.2 	    
318-U1356A-84R-5-202415 801.21 30.59 0.512075 0.000015 -11.0 0.3 	    
318-U1356A-84R-5-404416 801.41 30.60 0.512065 0.000011 -11.2 0.3 	    
318-U1356A-84R-5-10010417 802.01 30.62 0.512069 0.000013 -11.1 0.2 	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Sample Name Sample Depth (mbsf) 
Age (Ma) 
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
318-U1356A-84R-5-14014415 802.41 30.63 0.512106 0.000018 -10.4 0.27 	    
318-U1356A-84R-6-202416 802.69 30.64 0.512059 0.000019 -11.3 0.32 	    
318-U1356A-84R-6-2024R19 802.69 30.64 0.512091 0.000016 -10.7 0.27 	    
318-U1356A-84R-6-404416 802.89 30.65 0.512065 0.000018 -11.2 0.32 	    
318-U1356A-84R-6-4044R19 802.89 30.65 0.512062 0.000015 -11.2 0.27 	    
318-U1356A-84R-6-596317 803.08 30.65 0.512063 0.000015 -11.2 0.20 	    
318-U1356A-84R-6-808416 803.29 30.66 0.512096 0.000014 -10.6 0.32 	    
318-U1356A-84R-6-10010417 803.49 30.67 0.512055 0.000014 -11.4 0.20 	    
318-U1356A-84R-7-000416 803.60 30.67 0.512040 0.000013 -11.7 0.32 	    
318-U1356A-84R-7-0004R19 803.60 30.67 0.512059 0.000016 -11.3 0.27 	    
318-U1356A-84R-7-202418 803.80 30.68 0.512034 0.000015 -11.8 0.30 	    
318-U1356A-84R-7-606418 804.20 30.69 0.512003 0.000020 -12.4 0.30 	    
318-U1356A-85R-1-202418 804.92 30.71	   0.512049 0.000013 -11.5 0.30 	    
318-U1356A-85R-1-404419 805.12 30.72 0.511993 0.000014 -12.6 0.27 	    
318-U1356A-85R-1-606419 805.32 30.73 0.512016 0.000019 -12.1 0.27 	    
318-U1356A-85R-1-10010419 805.72 30.74 0.511993 0.000013 -12.6 0.27 	    
318-U1356A-85R-2-566019 806.96 30.78 0.511963 0.000014 -13.2 0.27 	    
318-U1356A-85R-3-404420 807.41 30.80 0.511890 0.000014 -14.6 0.33 	    
318-U1356-85R-4-202420 808.71 30.84 0.512029 0.000014 -11.9 0.33 	    
318-U1356A-85R-4-404420 808.91 30.85 0.512039 0.000015 -11.7 0.33 	    
318-U1356-85R-5-000420 810.01 30.88 0.512019 0.000012 -12.1 0.33 	    
318-U1356-85R-5-202420 810.21 30.89 0.512008 0.000011 -12.3 0.33 	    
318-U1356-85R-5-394220 810.40 30.90 0.511963 0.000012 -13.2 0.33 	    
318-U1356A-85R-5-10010420 811.01 30.92 0.511945 0.000013 -13.5 0.33 	    
318-U1356A-87R-7-2931S2 832.55 31.64 0.512080 0.000012 -10.9 0.38 	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Sample Name Sample Depth (mbsf) 
Age (Ma) 
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
318-U1356A-89R-3-117118S5 855.00 32.39 0.512007 0.000008 -12.3 0.3 	    
318-U1356A-91R-4-4647S2 866.16 32.76 0.512043 0.000012 -11.6 0.4 	    
318-U1356A-93R-2-3839S3 878.33 33.16 0.512002 0.000016 -12.4 0.3 	    
318-U1356A-94R-2-384213 883.27 33.28 0.512019 0.000012 -12.1 0.3 	    
318-U1356A-94R-2-5051S1 883.38 33.28 0.512057 0.000014 -11.3 0.4 	    
318-U1356A-94R-2-939816 883.79 33.29 0.511990 0.000016 -12.6 0.3 	    
318-U1356A-94R-2-9398R19 883.79 33.29 0.512009 0.000016 -12.3 0.3 	    
318-U1356A-94R-3-555913 884.87 33.32 0.511982 0.000017 -12.8 0.3 	    
318-U1356A-94R-3-778212 885.09 33.32 0.511983 0.000011 -12.8 0.2 	    
318-U1356A-94R-3-116117S4 885.47 33.33 0.511925 0.000023 -13.9 0.3 	    
318-U1356A-95R-3-757913 894.62 33.54 0.511989 0.000018 -12.7 0.2 	    
318-U1356A-95R-3-7579R19 894.62 33.54 0.512000 0.000014 -12.4 0.3 	    
318-U1356A-95R-3-9394S2 894.81 45.72 0.511904 0.000010 -14.3 0.4 0.150	   -14.1 
318-U1356A-95R-4-4748S2 895.42 47.02 0.511868 0.000012 -15.0 0.4 0.150	   -14.7 
318-U1356A-97R-1-5758S11 910.77 47.61 0.511895 0.000010 -14.5 0.4 0.150	   -14.2 
318-U1356A-97R-1-9610011 911.08 47.62 0.511903 0.000013 -14.3 0.3 0.150	   -14.1 
318-U1356A-98R-1-646811 920.44 47.99 0.511865 0.000014 -15.1 0.3 0.150	   -14.8 
318-U1356A-98R-1-6468R19 920.44 47.99 0.511879 0.000016 -14.8 0.3 0.150	   -14.6 
318-U1356A-98R-2-000311 920.96 48.01 0.511921 0.000014 -14.0 0.3 0.150	   -13.7 
318-U1356A-98R-2-0003R19 920.96 48.01 0.511914 0.000014 -14.1 0.3 0.150	   -13.9 
318-U1356A-98R-3-000311 922.26 48.06 0.511908 0.000012 -14.2 0.3 0.150	   -14.0 
318-U1356A-98R-4-202311 923.93 48.13 0.511872 0.000013 -14.9 0.3 0.150	   -14.7 
318-U1356A-98R-5-20234 924.58 48.15 0.511871 0.000016 -15.0 0.3 0.150	   -14.7 
318-U1356A-98R-5-2023R19 924.58 48.15 0.511860 0.000017 -15.2 0.3 0.150	   -15.0 
318-U1356A-98R-5-79.580.5S11 925.18 48.18 0.511875 0.000014 -14.9 0.3 0.150	   -14.6 
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Sample Name Sample Depth (mbsf) 
Age (Ma) 
(GTS 2012) 
143Nd/144Nd ± 2 S.E ƐNd ± 2 S.D 147Sm/144Nd ƐNd(t) 
318-U1356A-99R-1-576011 929.92 48.37 0.511885 0.000013 -14.7 0.3 0.150	   -14.4 
318-U1356A-100R-1-4041S2 939.10 48.74 0.511914 0.000012 -14.1 0.4 0.150	   -13.8 
318-U1356A-101R-1-757711 949.58 51.64 0.511904 0.000011 -14.3 0.3 0.150	   -14.0 
318-U1356A-102R-1-757712 958.62 52.37 0.511930 0.000015 -13.8 0.3 0.150	   -13.5 
318-U1356A-102R-1-7577R17 958.62 52.37 0.511932 0.000018 -13.8 0.2 0.150	   -13.6 
318-U1356A-103R-1-656711 968.63 52.77 0.511879 0.000015 -14.8 0.3 0.150	   -14.5 
318-U1356A-103R-4-117118S3 973.67 52.92 0.511921 0.000018 -14.0 0.3 0.150	   -13.7 
318-U1356A-104R-1-555711 978.16 53.06 0.511926 0.000011 -13.9 0.3 0.150	   -13.6 
318-U1356A-104R-1-5557R19 978.16 53.06 0.511933 0.000016 -13.8 0.3 0.150	   -13.6 
318-U1356A-104R-3-57605 980.55 53.16 0.511950 0.000011 -13.4 0.4 0.150	   -13.1 
318-U1356A-105R-2-10510711 988.55 53.49 0.511951 0.000016 -13.4 0.3 0.150	   -13.1 
318-U1356A-106R-1-7577S3 997.55 53.96 0.511924 0.000010 -13.9 0.3 0.150	   -13.6 
a) Measured Nd isotopic composition normalised to JNdi 143Nd/144Nd value of 0.512115 (Tanaka et al., 2000). For normalising we used the average values on 
the day given in Table 5.1b. 
b) Internal 2σ standard error of the measurements 
c) εNd values are calculated relative to CHUR value of 0.512638 (Jacobsen and Wasserburg, 1980) 
d) External errors are the 2σ standard deviations derived from repeat analysis of the JNdi standard in measuring sessions as specified in Table 5.1b. 
Uncertanties plotted in figures are 2σ S.E. or 2σ S.D, dependant on which one is larger. 
e) 147Sm/144Nd ratio calculated from direct measurement. Where no value was avaliable, an average value from all measured samples was used and is in 
italics. 
f) εNd(t) values calculated using values from column (e) and CHUR values of 143Nd/144Nd 0.512638 and 147Sm/144Nd 0.1966 from Jacobsen and Wasserburg, 
(1980). Only Eocene samples were subject to correction 
R denotes repeat analysis 
D denotes duplicate analysis 
S denotes shipboard sample 
n refers to measurement session in Table 5.1b 
Ages calibrated to GTS 2012 age scale 
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Table 5.1b: Measurement session details 
 
Session 143Nd/144Nd ± 2 S.E. n 
115th December 2010 0.511949 0.000022 43 
223rd June 2011 0.512030 0.000019 7 
33rd August 2011 0.511958 0.000013 8 
44th August 2011 0.511937 0.000015 16 
528th September 2011 0.512054 0.000017 10 
629th October 2012 0.511847 0.000021 8 
712th November 2012/1 0.512036 0.000018 8 
812th November 2012/2 0.512078 0.000013 8 
920th November 2012 0.512067 0.000021 14 
1029th November 2012 0.512094 0.000012 10 
114th December 2013 0.512212 0.000015 10 
1210th December 2013/1 0.512056 0.000009 16 
1310th December 2013/2 0.512039 0.000016 25 
1410th December 2013/3 0.512037 0.000022 25 
1511th December 2013 0.51202 0.000014 13 
1611th December 2013/2 0.51204 0.000017 17 
1711th December 2012/3 0.512029 0.000010 8 
1812th December 2013 0.511982 0.000015 5 
1912th December 2013/2 0.511996 0.000014 27 
2016th January 2014 0.512088 0.000017 18 
	   	   	   296	  
 
The average 143Nd/144Nd JNdi ratio used for offset correction and 2σ is given for the session 
and the number of measurements this value is based on is reported for fish tooth samples. 
 
5.6 Discussion 
 
The Nd isotopic composition of bulk sediments holds a record of sediment 
provenance, which is intrinsically linked to changes in climate. As the Eocene to 
Oligocene marks a period of pronounced climate change, we will break down our 
discussion to (i) use the long term late Paleogene record, encompassing data from 
the Eocene (54 – 46Ma) and early Oligocene (33.6 – 31.6Ma), to discuss overall 
sediment provenance at Site U1356 in relation to global climate change. We then 
use our new data set for the Oligocene to more specifically discuss (ii) the overall ice 
extent in East Antarctica as seen from provenance data throughout the Oligocene 
(33.6 to 25Ma), and (iii) orbital forcing of ice dynamics (high resolution data set from 
~30.9 and 30.4Ma).  
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5.6.1 Late Paleogene sediment provenance at IODP Site U1356 
 
5.6.1.1 Paleo-location of Site U1356 
 
Before discussing potential continental source areas to material deposited at Site 
U1356, a careful consideration of the geographical location of the study site during 
the Eocene and Oligocene is warranted as is affects which geological regions are 
more proximal to the site. Litho- and biostratigraphic data suggest that the site was 
located on a shallow shelf environment during the Eocene (<300m) and experienced 
deepening by the earliest Oligocene (up to 1000m) (Escutia, 2011). After the initial 
rifting between Australia and Antarctica began at ~80Ma (Sayers et al 2001), opening 
continued, at times extremely slowly (<1.5mm/yr), on a NW-SE trending fault zone 
within the Australo-Antarctic Basin (AAB) (Tikku and Cande, 1999). After 50Ma, 
spreading rates increased and changed to a N-S oriented opening between the two 
landmasses (Cande and Stock, 2004). Previous to 50Ma, Site U1356 was on the 
Antarctic shelf, in shallow water, but Nd isotopic compositions of Eocene sediments 
(average value of -14.1) do not reflect the most proximal endmember – the Adélie 
Land craton (~-20 to -29, Peucat et al. (1999)), in contrast to the shallow proximal 
core top compositions of other sites today (see Figure 5.1). An uncertainty here is 
whether Site U1356 may have moved in a NW-SE trending direction in association 
with the early Paleocene transform faulting, and therefore been within influence of 
either WL or GVL source regions, which are matching source regions for the Nd 
isotopic composition of Eocene sediments. Although the known geology of GVL and 
WL are very similar in average Nd composition, work from Pierce et al. (2011) has 
shown that the 40Ar/39Ar ages of biotites from these two regions are distinct, meaning 
that if either of these source regions were dominating sediment supply to U1356 
during the Eocene, it may be possible to distinguish between these two regions. 
Alternatively, Site U1356 may have remained in front of AL, but the sediments 
delivered to the site may reflect a larger drainage area under the influence of large 
scale fluvial drainage systems, to which AL sediments were a contributor but not the 
sole source. 
 
5.6.1.2 Antarctic topography, weathering and erosion in the late Paleogene 
 
Before the expansion of large scale ice sheets and their associated erosion, the 
Antarctic continent was sculpted by large riverine systems, evidence of which are still 
preserved in the highlands (e.g., Jamieson et al., 2010). Wilson et al. (2012) 
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produced a topographical reconstruction of the late Eocene by replacing eroded 
sediment from the shelves, back onland and adjusting for isostatic uplift, which 
shows that much of the WSB was above sea level (Figure 5.4). The same highlands 
(white) and basins (grey) can be seen in Figure 5.1, illustrating that areas such as 
the TAM and AL have remained as topographical highs, while the Wilkes Subglacial 
Basin (WSB) has deepened over time. 
 
 
 
At the EOT, direct evidence for the expansion of a full scale ice sheet on the 
Antarctic continent includes the presence of IRD and changing clay mineral 
	  	  
Figure 5.4: Reconstructed Eocene maximum (A) and minimum (B) topography, and modern 
day subglacial topography (C), all taken from Wilson et al. (2012).	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assemblages in Southern Ocean sites (e.g., Ehrmann et al., 1992). At 33.6Ma our 
study location, Site U1356, shows a large change in clay mineralogy (Bohaty, 
unpublished data; Fig. 5.2) and plankton assemblage data (Houben et al., 2013; 
Figure 5.2), thought to be associated with a transition from warmer, wet conditions 
during the Eocene, to the cold, ice dominated conditions of the Oligocene both on- 
and offshore (e.g., Passchier et al., 2013). The altered weathering regime from 
chemical weathering in the Eocene to physical weathering in the Oligocene, is 
illustrated by changes in the dominance of kaolinite to chlorite and illite clay 
assemblages at Site U1356 (Fig. 5.2). This change is paralleled by a clear shift in 
average Nd isotopic compositions of the sediments from values of ~-14.1 in the 
Eocene to ~-12.0 in the earliest Oligocene (Figure 5.2). Changes in the style of 
weathering are, however, not considered to be the main driver behind the change in 
Nd isotopic composition, as Nd isotopes are known to weather congruently from 
bedrock, due to similar distribution coefficients for Sm and Nd in most rock forming 
minerals. Additionally, transport and depositional processes are not thought to alter 
the Nd isotopic composition (e.g., Goldstein and Hemming, 2003).  
 
However, the spatial extent or specific location of bedrock erosion may be altered 
when switching from predominantly riverine to predominantly glacial erosion. It is well 
documented that glacial advance tends to follow existing topographical features, 
retaining highlands and scouring valleys (e.g., Jamieson and Sugden, 2008; Bo et 
al., 2009; Young et al., 2011; Wilson et al., 2012). Where the extent of individual 
fluvial drainage basins are restricted by the bordering topographical highs, increased 
erosion will most likely occur during the advance of a large scale ice sheet, which 
could affect an entire drainage basin (Jamieson et al. 2011). Another control on the 
erosional behavior of an ice sheet is whether it is wet or cold based. A wet based 
glacier slides rapidly across bedrock and is highly erosive, particularly at the margins 
of the ice sheet (e.g., Alley et al., 1997). Cold based glaciers on the other hand are 
essentially static at the base and little or no erosion occurs under these 
circumstances (Hallet et al., 1996).  
 
5.6.1.3 Predominant sediment provenance from two distinct sources within the WSB 
in the late Paleogene 
 
Considering the late Paleogene location and water depth of Site U1356, as well as 
the topography of the hinterland, we suggest that the Nd isotope record presented in 
Figures 5.2, 5.3 and 5.5 can be best explained with a provenance interplay from the 
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two major lithologies within the WSB. These lithologies, the Lower Paleozoic 
granitoids (average εNd of -14.4) and the FLIP bedrock (average εNd of -7), show an 
interesting geographic distribution: While the former is documented by outcrops 
between the Mertz and Ninnis Glaciers (Fig. 5.1) and potentially extends far inland 
into the WWSB (Aitken et al., 2014), FLIP bedrock and the associated Beacon 
sandstone cover a large proportion of the CWSB (e.g., Ferraccioli et al., 2009; Cook 
et al., 2013; Figure 5.1). It is important to note that the Ferrar basalts and Beacon 
sandstone, are unlikely to make up the entire interior of the WSB, which may explain 
why the radiogenic ‘Oligocene’ endmember (εNd = -12.1 Figs. 5.2, 5.3 and 5.5) never 
reaches pure FLIP endmember values (i.e. εNd = -7). FLIP bedrock is however the 
only known lithology in the WSB that displays Nd isotopic compositions more 
radiogenic than -10.  
 
While an association of the average Nd isotopic composition of Eocene sediments at 
U1356 with Palaeozoic granitoids from the WSB seems plausible, we can’t rule out 
the proximal Adélie craton as contributing source area for these sediments. Core top 
sediments on the modern shelf offshore the craton are characterised by Nd isotopic 
compositions of -16.1 to -23.6 (Roy et al., 2007; van de Flierdt et al., 2008; Pierce et 
al., 2011; Cook et al., 2013; this study). Such values are lower than our ‘Eocene 
endmember’, but individual excursions within the Oligocene record extend to values 
as low as -15 (Fig. 5.5). Modeling studies suggest that much of the highland area of 
the Adélie craton has been under cold based glaciation since the initial ice expansion 
and has experienced minimal erosion potentially limiting it’s role as a source region 
since the Oligocene (e.g., Jamieson et al., 2010; Wilson et al., 2012). The WSB on 
the other hand was excavated by wet based glacial erosion upon ice advance, 
resulting in 300 – 400m deepening of bedrock (e.g. Jamieson et al., 2010; Wilson et 
al., 2011). Hence we conclude, that only the low-lying parts of the Adélie craton, 
maybe within the vicinity of the AISB, would make suitable contributors to the 
sediment record at U1356 in the Eocene, and during parts of the Oligocene. 
 
We envision the following erosional scenario for the late Paleogene at Site U1356: 
During the Eocene, Site U1356 was supplied with riverine sediments as indicated by 
well rounded and sorted quartz grains (K. Strand, unpublished data), pointing to a 
non-glaciated source region. Potential basins are the AISB or the WWSB, proximal to 
the site location (Fig. 5.1). As outlined above, we prefer the WWSB as a source area, 
as a provenance from the AISB alone would be predominantly too unradiogenic. By 
33.6Ma, a large ice sheet had begun eroding the entire WSB producing sediment 
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from a larger catchment area, which could have resulted in mixing between the FLIP 
and Lower Paleozoic bedrock sediments being delivered to the site from both the 
CWSB and the WWSB. This is evidenced by the occurrence of more angular and 
sub-angular shapes in quarz grains (K. Strand, unpublished data), a peak in the 
uniformity of grain sizes (i.e. potential occurrence of first IRD; Houben et al., 2013), 
and provenance of the IRD from the area to the east of the Adélie Land (van de 
Flierdt et al., unpublished data). Although both inferred endmembers, the ‘Eocene’ 
and Oligocene’, are compatible with the range of Nd isotopes found in Lower 
Paleozoic outcrops (see Section 5.2), we argue against a single source for a number 
of reasons. Firstly, the sediments found at the mouth of modern day fluvial systems 
generally represent an average isotopic discharge of that basin (Goldstein et al., 
1984; 1987; Jeandel et al., 2007) and the average Nd end member of outcropping 
Lower Paleozoic granitoids stated above matches that of the sediment recorded 
during the Eocene at Site U1356. Secondly, the Eocene and Oligocene end 
members are consistently distinct for most of the Eocene and early Oligocene part of 
the record (Figure 5.2), suggesting that they are from separate source regions. We 
conclude that the shift in the Nd isotopic composition of sediments deposited at 
U1356 in the Eocene and Oligocene is driven by a change from focused fluvial 
erosion of Palaeozoic granites in the WWSB to more regional erosion through ice 
advance within the entire WSB.  
 
5.6.2 The dynamic record of the Oligocene East Antarctic ice sheet 
 
5.6.2.1 The dynamic Oligocene? 
 
The relative stability of the newly formed Antarctic ice sheet predicted by models 
(e.g., DeConto and Pollard, 2003), is at odds with existing records from the same 
time period. Marine stable isotope records (e.g., Palike et al., 2006) and stratigraphic 
records (Miller et al., 1998; Pekar et al., 2002) suggest large changes in in eustatic 
sea level (25 – 55m; Miller et al., 1991; Wade and Pälike., 2004) in response to large 
scale expansion and retreat of the Antarctic ice sheet (up to 25% larger during glacial 
maxima and 50% smaller during minima compared to the modern day; Pekar et al. 
(2006)).  
 
Although global Oligocene benthic isotope data appear to respond to orbital forcing 
on eccentricity and obliquity cycles (e.g., Wade and Pälike, 2004; Pälike et al., 2006; 
Katz et al., 2011), sparseness of well dated high latitude cores in both hemispheres 
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has hampered the correlation between deep sea records and the terrestrial 
environment. This leaves questions such as the magnitude, frequency and location 
of ice sheet mobility unanswered. From the provenance interpretations provided in 
the previous sections, as well as the work on using Nd isotopes as a tracer for ice 
dynamics in the Pliocene (IODP Site U1361; Cook et al., 2013) and Miocene (IODP 
Site U1356; Pierce et al., in prep), it may be possible to take the next step and 
correlate ice-proximal Nd isotope (provenance) records to global oscillations of 
benthic δ18O data if accurate dating of high resolution sediment sections is achieved. 
 
 
 
The indication from our Oligocene data (Figure 5.5) is that the Nd isotope 
provenance fingerprint fluctuates multiple times between Eocene and Oligocene 
endmembers in a similar magnitude as observed in the transition from the Eocene 
(fluvial erosion of WWSB) to the Oligocene (glacial erosion of the WSB). This level of 
 
 
Figure 5.5: Oligocene record of sediment Nd isotopic composition at IODP Site U1356. 
Eocene and Oligocene average compositional end members are highlighted with red and 
blue dashed lines, and uncertainties (2 S.D.) are illustrated with corresponding shaded 
boxes. 
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ice sheet mobility is consistent with studies that suggest the Antarctic ice sheet may 
have fluctuated between near modern size and almost fully deglaciated during the 
Oligocene (e.g., Miller et al., 2008). If the ice sheet retreated out of the coastal 
WWSB, the ice margin would probably be located roughly along the Mertz Shear 
Zone, which separates the old Adélie craton to the west from the Lower Palaeozoic 
granitoids to the east, favouring erosion of the latter lithology (see also Pierce et al., 
2011) and hence more negative Nd isotopic compositions similar to the Eocene 
endmember, now representing warm periods within the icehouse world. In fact, large 
scale retreat out of the WSB is in agreement with modeling studies by Hill et al. 
(2007) and Dolan et al. (2011) who propose that retreat of the ice sheet far inland of 
the WWSB and CWSB would yield ~16m of sea level rise. This is still smaller than 
the smallest estimation of ~25m for fluctuations in sea level during the Oligocene 
(e.g., Miller et al., 1998; Kominz and Pekar, 2001; Pekar et al., 2002), when 
assuming minor to no glaciation of the Northern Hemisphere (e.g., Lear et al., 2008). 
We conclude that the almost complete retreat of ice from the WSB is supported by 
our Nd isotope record, with low values representing times of maximum retreat. 
Values around the Oligocene endmember would still be interpreted to represent ice 
advance that entails erosion from most of the WSB, delivering a more radiogenic Nd 
isotopic composition.  
 
Whilst we are fully aware that the resolution of our Oligocene record (Fig. 5.5) is not 
sufficient to make conclusive statements, it is tempting to look at some of the overall 
patterns revealed. One interesting feature of the Oligocene Nd isotope record is for 
example the saw-tooth shape of excursions towards the Eocene end member 
between 28.2 and 26.2Ma. It seems that Nd isotopes change very abruptly to more 
negative values, while the transition back towards positive values is more gradual. If 
our connection between Eocene and Oligocene end members and expanding and 
contracting ice is correct, this suggests that the ice sheet may have collapsed and 
retreated very rapidly (over <40 kyrs) before expanding back to the margin more 
steadily again. Ice dynamics during the Pliocene in the same basin have also been 
described to vary on 100-400kyr time scales (Cook et al., 2013), and it seems clear 
that a higher resolution study is needed to identify just how fast ice collapse/retreat 
has happened in the area in the past, and what the drivers may have been. This 
requires the construction of an orbitally tuned age model, which is underway, based 
on XRF scan data and physical property data by Ursula Röhl (MARUM, Germany). 
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5.6.2.2 The first sub-orbital Oligocene provenance study to decipher ice sheet activity 
 
To investigate in more detail whether the Nd isotopic composition of sediments at 
Site U1356 and its implicit provenance information can be linked directly to ice sheet 
activity, we produced the first high-resolution data set of its kind over a ~500kyr 
interval between 30.9 and 30.4Ma (Figure 5.3). Even though we plot the data on an 
age axis in Figure 5.3 we need to stress again that this interval is currently not tied 
into an orbital age model, and hence is subject to significant uncertainty. 
 
Accepting these limitations, we note that we can see indications for both eccentricity 
cycles (100 and 405 kyr) as well as precession cycles (~20 kyr). Over a 500kyr time 
period, the high resolution data set spans a range encompassing both Nd isotope 
endmembers (Figure 5.3). Imposed over the top of this ~400kyr trend, are more 
discrete fluctuations in Nd that may prove very informative once calibrated to an 
orbital timescale. For example, similarly to the long term Oligocene record discussed 
above (Fig. 5.5), a saw-tooth pattern can be observed between 30.84Ma and 
30.64Ma, featuring an abrupt decrease in Nd isotopic compositions over ~50kyr 
representing ice retreat during warming, followed by a gradual increase in Nd 
isotopes over ~150kyr representing ice sheet advance during cooling. While the 
fluctuations in Nd isotopes are consistent with our interpretation on ice 
retreat/advance presented above, the last 150kyrs of the high resolution data interval 
show an intriguing zig-zag pattern over an amplitude of ~1 epsilon unit. While small, 
these fluctuations are resolvable and remarkably consistent given the analytical 
uncertainty of our methodology. Potentially, the data could hint to localised changes 
in glacier activities operating on a precession (~20kyr) timescale. Our knowledge of 
the onshore source region hampers a more informed interpretation of the smaller 
scale variation at this point. However, the pilot data set indicates that 405kyr 
eccentricity cycling may be linked to large-scale advance and retreat of the ice sheet 
in the WSB and that 100kyr cycles feature as well. 
 
5.7 Conclusions 
 
The Nd isotopic composition of Eocene to Oligocene marine sediments at Site 
U1356 can be described by two main end members, which are associated with 
certain lithologies with the Wilkes Subglacial Basin (WSB). The spatial change from a 
fluvial erosional system during the Eocene to a glacial-style erosional system in the 
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Oligocene alters the contributing source regions, and defines the relationship 
between ice sheet extent and Nd isotopic composition. More radiogenic Nd isotope 
compositions (εNd > -12) point to the presence of a full scale ice sheet and regional 
erosion in the WSB. Unradiogenic Nd isotopic compositions on the other hand 
correlate with warm periods of the Eocene and times of significant ice retreat in the 
Oligocene, equivalent to at least 16m sea level rise.  
 
Further, more targeted sampling, as well as an orbitally tuned age model is required 
to assess the correlation between the long term mobility of the ice sheet and global 
climate. Direction for this comes from the results of our first high resolution 
provenance study in the Oligocene. Here Nd isotope data reveal large scale ice 
advance and retreat potentially paced by 405kyr and 100kyr cyclicity. Smaller scale 
fluctuations, potentially driven by individual glacier flows, are suggested on 
precession time scales (20kyr), which however require a more detailed knowledge 
about the local geology prior to any further interpretation. Our new data provide 
strong evidence that we will be able to use this approach to deduce an 
unprecedented level of detail about ice sheet behavior in the geological past, subject 
to improved age control. 
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Chapter 6 
 
Summary 
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6.1 Major findings and future research 
 
The overarching aim of this thesis has been to examine the relationship between 
changes in continental weathering, erosion and ocean circulation patterns and the 
transition from the Greenhouse Eocene to the Icehouse Oligocene. I have 
approached this aim by focusing on using Nd isotopes in fossil fish teeth and marine 
sediments from a proximal paleo-setting on the Antarctic continental shelf and a 
focused EOT study in the North Atlantic basin. Further, I have reviewed the use of 
fossil fish teeth as an archive for the Nd composition of seawater in both a shelf 
setting and under changing redox conditions. The major findings of this thesis are 
summarized below. 
 
6.1.1 Seawater Nd isotopes in fossil fish teeth; redox conditions in a shelf 
setting 
 
A combined data set of major, trace and REE data from fossil fish teeth and the host 
sediments was used to test the robustness of fossil fish teeth as an archive for 
authigenic Nd. Two scenarios were investigated for the preservation of authigenic Nd 
isotopes, firstly the effect of redox conditions, and secondly the effect of a shallow 
water location (shelf).  
 
The presence of changing redox conditions within the study core were identified 
using major and trace element data such as Fe, U and Mo and further proxies for 
input and weathering to assess the nature of the redox setting. We conclude that the 
redox conditions observed in the sediments are a result of partial, secondary 
reoxidation of originally suboxic shelf sediments, the extent of which may have also 
been controlled by differences in grain size of supplied sediment. A comparison of 
the Nd isotopes in both the sediment and the fish teeth revealed two important 
findings. The Nd isotopic composition of both the sediment and the fish teeth remain 
distinct throughout the core, and also do not co-vary with the changing redox 
environment. The discrete sources of Nd to the sediments and fish teeth are further 
supported by REE profiles, which show different patterns, distinctive in shape for 
each archive. REE profiles for the fish teeth are directly comparable to profiles from 
fish teeth in open ocean settings, supporting an authigenic source for the REE’s, and 
therefore Nd, preserved in the fish teeth. The consistently positive Ce anomaly in fish 
teeth may however be a feature of the shelf setting, and reflect a higher 
concentration of dissolved REEs in the overlying seawater. A comparison of cleaned 
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(oxidative-reductive method) and uncleaned fish tooth sample pairs revealed no 
change in the REE or Nd isotopic composition of samples, but did show a change in 
both the concentration of REEs which were consistently lower in cleaned samples, 
and in other trace element behavior such as U. This suggests that while it may not be 
necessary to treat fish tooth samples in this way for Nd isotopic work, caution should 
still be taken as the presence or absence of either FeMn or organic coatings will 
affect major and trace element concentrations. The reoxidation process appears to 
have the same effect on these coatings as the cleaning method, which explains the 
discrepancy in total loss of sample concentration between paired samples in the 
alternating redox layers. This particular section of the study highlights the fact that 
the matrix of the fish tooth itself appears incredibly robust to alteration under 
changing redox conditions, which in itself has important implications for other studies. 
 
For future work, the use of fossil fish teeth as an archive for authigenic Nd in shelf 
settings will provide an interesting addition to the reconstruction of circulation 
patterns, but interpretations made using this method must bear in mind the initial 
origin of the Nd in the seawater which is strongly influenced by local runoff and 
interaction between sediment and the overlying water. Nonetheless, as shelf settings 
are inferred as important locations for deep water production during the Greenhouse, 
the study of Nd isotopic composition of waters produced there could prove very 
valuable. 
 
6.1.2 Seawater Nd isotope record of climate instability during the Eocene 
 
The Eocene to Oligocene Nd seawater record produced for Wilkes Land Site U1356 
showed a consistent composition across the long term record, which is also 
comparable to modern day values for the region, with the exception of a transient 
excursion between 49 and 48Ma. We have interpreted this consistency in isotopic 
composition as evidence for deep water production occurring during the Greenhouse 
conditions of the Eocene at both U1356 and at other sample locations in the 
Southern Ocean such as the Ross Sea. The absolute Nd isotopic values at U1356 
are placed in context by producing complementary data from six additional DSDP 
and ODP sites in both open ocean and shelf settings in the Tasman region. The 
transient excursion in authigenic Nd at Site U1356 between 49 and 48Ma cannot be 
explained by mixing with any other identified water masses, but is instead consistent 
with a shift towards the composition of marine sediments at the site reflecting the 
outcropping bedrock on the nearby continent. A similar excursion found between 49 
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and 48Ma at Site 1171 in the Pacific sector of the Southern Ocean, which was a 
shelf site proximal to the Antarctic continent during the early Eocene as well, can be 
explained by invoking the same mechanism. We conclude that these data indicate an 
increased contribution of erosional runoff from the continent to the coastal shelves 
during 49 to 48Ma reflecting a previously unrecorded, large scale perturbation to the 
hydrological cycle onland. This is more consistent with the nature of the observed 
excursions at both sites than the shallow opening of the Tasman Gateway suggested 
in previous work.  
 
A more focused study of circum-Antarctic sites during this time period could improve 
our knowledge of this event and answer questions about its duration and 
geographical scale as well as identify the cause. It could also be an excellent 
opportunity to attempt to correlate shelf to open ocean sites by tracing the 
propagation of the Nd signal spatially. 
 
6.1.3 North Atlantic seawater Nd isotope record of the EOT 
 
The first authigenic Nd isotope record from the North Atlantic over the EOT was 
produced at Labrador Sea ODP Site 647, to investigate whether any changes in 
ocean circulation occurred during this important climatic transition predominantly 
linked to fundamental change the Southern Hemisphere. Site 647 is ideally located to 
detect water mass contributions from both the GIN Seas and the Labrador Sea, 
which are important modern day source regions for the production of NADW. 
Uncertainty in the initiation of modern day NADW production has prevented an 
assessment of its role in global climate change over the long term. Our data suggest 
that modern-type NADW was not being produced by the early Oligocene as Nd 
compositions at Site 647 do not become negative enough to reflect a contribution 
from LSW. The background value at Site 647 over the late Eocene to early 
Oligocene remains consistent, indicating either no change in circulation patterns or 
the possibility that the compositional similarity of regional deep water masses mean 
that we cannot robustly distinguish between the two using just Nd isotopes. However, 
when coupling our Nd isotope data with other geochemical and sedimentological 
data from sites across the North Atlantic basin, we can infer a change from a warm, 
more stagnant environment, to ventilation of the basin by a cooler water mass, 
potentially from the GIN Seas. This may be tied to the deepening of the GSR but 
may also indicate a link to global cooling across the EOT and changes in both 
locations of deep water production and circulation patterns. Short term excursions to 
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more negative Nd compositions at the study site could indicate pulses of erosional 
runoff from the old continents surrounding the Labrador Sea, possibly as a response 
to changing environmental conditions onland and warrants further investigation. 
 
This record is an intriguing first look at the Northern Atlantic basin over the EOT. The 
location of Site 647 makes it ideal to detect the onset of modern day circulation 
patterns and would benefit from having this new record extended into the Oligocene 
to chart the development of Nd isotopic composition towards the Miocene, where 
more evidence exists for the production of deepwater from both the GIN Seas and 
the Labrador Sea. Additionally, a complementary detrital record may improve our 
understanding of the change in current flow via transport of sediment from the 
extremely heterogeneous geological source regions, which surround the study area. 
 
6.1.4 Weathering and erosion during the dynamic Oligocene 
 
We investigated the potential contribution of a fluctuating ice sheet to the global deep 
sea benthic δ18O record during the Oligocene by using Nd isotopes in marine 
sediments from the proximal Wilkes Land IODP Site U1356 to trace changes in 
source regions being eroded over time. The long term Eocene to early Oligocene 
record allowed us to identify two different Nd endmembers, which represent an 
advanced and retreated ice sheet in the Wilkes Subglacial basin. Fluctuations 
between these two end members during the Oligocene allowing us to implicate the 
WSB as a site of large scale instability in the EAIS during this interval. The 
fluctuations within the WSB alone may have resulted in over 16m of sea level change 
during deglaciated periods. To address the question of orbital forcing on the ice 
sheet we produced the first high resolution Nd isotope provenance record for the 
Oligocene, over a 500kyr period, which indicates a response in the ice sheet to 
400kyr and 100kyr cyclicity. Regular, consistent changes in Nd isotopic composition 
are also seen on 20kyr cycles, however our limited knowledge of the onshore Nd 
isotopic composition of geology, as well as the current lack of an orbitally tuned age 
model prevents a more detailed interpretation of our data set at this point in time.  
 
We have been able to demonstrate that the WSB was an important location for ice 
sheet fluctuation during the Oligocene, that the dynamic behavior was on a very 
large scale and with more targeted sampling, though improved age control, could be 
linked to the global deep sea benthic δ18O record to really quantify the contribution to 
global climate change. The high resolution study is a pioneering approach in this 
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location to provide the link between continental ice and deep ocean records, a link 
which had been missing up until now. An orbitally tuned age model is in preparation 
currently and will strengthen this interpretation allowing us to make a more accurate 
assessment of the driving factors behind the ice sheet growth and retreat. Repeating 
this exercise over well dated and recovered intervals at Site U1356, and from other 
proximal Antarctic locations, will offer the chance to better understand the large scale 
behavior of the EAIS during the Oligocene and potentially identify other regions of 
instability. 
 
6.2 Concluding remarks 
 
This thesis has sought to investigate the link between changes in climate and 
processes such as weathering and ocean circulation in the fundamental switch 
between the Eocene and Oligocene. What is clear is that there was a lot more 
variability between the two climate regimes than we realized. This calls into question 
the traditional idea that one of these processes may ultimately drive the other and 
rather suggests that the EOT may be considered more of a tipping point between two 
epochs that experienced both extreme warmth and cold during their duration. The 
links between this tipping point and weathering and ocean circulation patterns appear 
to be extremely complex, and it is likely that no one-single proxy will be able to 
differentiate between them. Using Nd in both marine sediments and fish teeth has 
proved a powerful and successful approach, however, the future of this area of 
science probably rests on multi-proxy approaches on well recovered and dated cores 
from the remote high latitude locations, particularly proximal ones, which will enable 
us to continue building a link between the records of the changing climate on the 
continents and in the oceans. 
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